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SUMMARY
Interleukin-2 (IL-2) variants with increased CD25 dependence that selectively expand Foxp3+ regulatory T
(TR) cells are in clinical trials for treating inflammatory diseases. Using an Fc-fused IL-2 mutein (Fc.IL-2 mu-
tein) we developed that prevents diabetes in non-obese diabetic (NOD) mice, we show that Fc.IL-2 mutein
induced an activated TR population with elevated proliferation, a transcriptional program associated with
Stat5- and T cell receptor-dependent gene modules, and high IL-10 and CTLA-4 expression. Increased IL-
10 signaling limited surface major histocompatibility complex class II upregulation during conventional den-
dritic cell (cDC) maturation, while increased CTLA-4-dependent transendocytosis led to the transfer of CD80
and CD86 co-stimulatory ligands frommaturing cDCs to TR cells. In NODmice, Fc.IL-2 mutein treatment pro-
moted the suppression of cDCs in the inflamed pancreas and pancreatic lymph nodes, resulting in T cell
anergy. Thus, IL-2 mutein-expanded TR cells have enhanced functional properties and restrict cDC function,
offering promise for targeted immunotherapy use in autoimmune disease.
INTRODUCTION

Regulatory T (TR) cells expressing forkhead box P3 (Foxp3) are

required to suppress immune responses against self-antigens

and prevent autoimmunity. The cytokine interleukin-2 (IL-2)

and downstream signals mediated by the transcription factor

Stat5 support the development, maintenance, and function of

TR cells.1 IL-2 also promotes effector and memory CD8+ and

CD4+ T cell responses in infection and anti-tumor immunity.2,3

The opposing functions of IL-2 are explained by varying IL-2 re-

ceptor (IL-2R) expression patterns and responsiveness thresh-

olds among cell types. At low concentrations, IL-2 stimulates

TR cells constitutively expressing the high-affinity IL-2R (CD25,

CD122, and CD132).4 In contrast, memory T cells and natural

killer cells expressing the low-affinity IL-2R (CD122 and

CD132) are activated at higher concentrations. Furthermore,

effector T cells upregulate CD25 after activation, allowing them

to compete with TR cells for limiting amounts of IL-2. Low-dose

IL-2 has been explored as a potential treatment for autoimmune

diseases due to its ability to boost the expansion of Foxp3+ TR
cells.4 However, the effects on both regulatory and effector

T cell populations make balancing the safety and efficacy of

low-dose IL-2 challenging, and results in clinical trials have
Cell Reports 43, 114938, Novem
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been inconsistent,5–7 prompting the search for more targeted

therapeutic approaches.

Engineered variants of IL-2 (known as IL-2 mutant proteins or

muteins) designed to preferentially stimulate TR cells with less

off-target specificity have been developed. One approach is to

decrease the affinity of IL-2 for CD122, thereby increasing

CD25 dependence and improving TR cell selectivity.8 In recent

work, we introduced two amino acid substitutions into murine

IL-2 that reduce CD122 binding (N103R and V106D, equivalent

to the N88 and V91 positions of human IL-2) to create a CD25-

biased IL-2 mutein.9 To improve pharmacokinetic properties,

this IL-2 mutein (Fc.Mut24) was fused to an immunoglobulin

G2a Fc domain mutated to reduce FcR binding and effector

function. Although Fc.Mut24 is a weaker agonist of IL-2R

signaling than an Fc-fused wild-type IL-2 (Fc.WT) in vitro, it is

significantly better at expanding TR cells in vivo, due in part to

decreased receptor-mediated clearance that results in an

extended biological half-life and sustained IL-2R signaling.9

Furthermore, unlike Fc.WT, Fc.Mut24 can be administered at

high doses while maintaining TR cell selectivity and halting dis-

ease progression in the non-obese diabetic (NOD) model of

type 1 diabetes. Several human Fc-fused IL-2 (Fc.IL-2) muteins

with similar mutations to Fc.Mut24 are in early-stage clinical
ber 26, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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development for treating autoimmune disorders,10 and phase 1

trials have demonstrated substantial TR cell expansion and

safety.11

It is critical to better understand the mechanisms of action of

TR-selective Fc.IL-2 muteins to optimize therapeutic use. One

potential benefit of Fc.IL-2 muteins over other therapies for in-

flammatory diseases, such as biologics that block pro-inflamma-

tory cytokines, is their ability to induce durable tolerance by

increasing the balance between TR cells and conventional T

(Tconv) cells at the site of tissue inflammation during critical win-

dows of disease development.9 An increased TR-to-Tconv ratio is

associated with induction of anergy,12 a tolerance mechanism

resulting from antigen recognition without sufficient co-stimula-

tory signals,13 and TR cells are required for the in vivo induction

of anergy.14,15 A key feature of TR-mediated suppression is the

counter-regulation of antigen-presenting cell (APC) function. TR
cells are primary producers of the immunosuppressive cytokine

IL-10, a potent inhibitor of APCs such as macrophages and den-

dritic cells (DCs).16,17 Additionally, the checkpoint receptor

CTLA-4 is required for TR-suppressive activity and functions in

a cell-extrinsic manner by capturing the co-stimulatory ligands

CD80 and CD86 that it shares with CD28 via CTLA-4-dependent

transendocytosis.18–20 In this process, CD80 and CD86 are

transferred from the APC membrane to intracellular compart-

ments in TR cells and undergo subsequent degradation. Thus,

TR cells can promote anergy in autoreactive Tconv cells by inhib-

iting APC maturation via IL-10 and restricting CD28 co-stimula-

tion via CTLA-4.

Our development of Fc.Mut24 provided a tool to test whether

sustained IL-2R signaling not only increased TR cell numbers but

also influenced TR cell activation and function. We found that

Fc.Mut24 treatment induced a novel transcriptional, phenotypic,

and functional state in TR cells indicative of activation via both IL-

2R and T cell receptor (TCR) signaling. Using in vivo models of

DC maturation and examining pre-diabetic NODmice, we found

that Fc.Mut24 treatment led to the downregulation of CD80/

CD86 and major histocompatibility complex (MHC) class II on

DCs via CTLA-4-dependent transendocytosis or IL-10 produc-

tion by TR cells, respectively. The modulation of DC function

was associated with T cell anergy and increased CD73 expres-

sion by CD4+ and CD8+ Tconv cells in NOD mice. Our study links

IL-2R signaling in TR cells with IL-10-mediated suppression of

DCs and CTLA-4-dependent transendocytosis, thereby demon-

strating how three molecular pathways known to play essential

roles in immune regulation converge on the induction of T cell

tolerance.

RESULTS

Induction of Stat5 and TCR-dependent programs in
Foxp3+ TR cells by Fc.Mut24 treatment
To investigate how sustained IL-2R signaling with Fc.Mut24

impacted the transcriptional state of TR cells, we treated

C57BL/6 (B6) Foxp3-mRFP mice with PBS (vehicle control) or

a single 10-mg dose of either Fc.WT or Fc.Mut24. As expected,

TR cell percentages in the spleen significantly increased 3 days

after Fc.Mut24 treatment compared to mice given PBS or

Fc.WT (Figure 1A). We performed single-cell RNA sequencing
2 Cell Reports 43, 114938, November 26, 2024
(scRNA-seq) using the 103 Genomics platform on sorted

CD4+ Foxp3-mRFP+ splenic TR cells with four mice per treat-

ment group. After filtering and normalization, 42,698 TR cells

were recovered, with similar numbers in each group.

Uniform manifold approximation and projection (UMAP) anal-

ysis and unsupervised graphical clustering based on features

of all cells organized the TR cells into six clusters (Figures 1B–

1D). Whereas the vast majority of cells from PBS controls or

Fc.WT-treated mice were found in clusters 1 and 2, TR cells

from Fc.Mut24-treated mice were predominantly found in clus-

ters 2, 3, 4, and 5 (Figures 1C and 1D). A small fraction of TR cells

from all treatment groups were found in cluster 6. These clusters

wereannotatedbasedondifferential geneexpression (Figure1E).

Genes previously associated with naive-like central TR (cTR) cells

such as Ly6c1, Bcl2, Ccr7, and Sell were highly expressed in

cluster 1, whereas genes enriched in cluster 2 included Izumo1r,

Cd44, Pdcd1, Lag3, Icos, Tigit, and Ctla4 that define effector TR
(eTR) cells.

23,24 Genes induced by Stat5 activation, including

Gzmb, Ifitm2, Ifitm3, Vim, Socs2, Il2ra, and Cish, were enriched

in clusters 3, 4, and5.25–27Basedon theexpressionof genes con-

trolling cell proliferation and DNA replication or repair, such as

Hells,Rad51,Cenpf,Mki67, and Pclaf, clusters 4 and 5 represent

actively dividing cells. Genes that play a role in chromatin remod-

eling or microtubule assembly such as Top2a, Hist1h1b, His-

t1h2ae, Tuba1b, Tubb4b, and Tubb55 were highly expressed in

cluster 5, distinguishing these cells from those in cluster 4. Genes

upregulated by T cell activation, such as Zap70, Tnfrsf9, Tnfrsf4,

and Orai1, were highly enriched in cluster 6.

The cluster annotations were further supported by examining

differential transcription factor (TF) expression (Figure S1A).

This showed enrichment of Lef1, Tcf7, and Bach2 associated

with T cell stemness in cluster 1,28,29 whereas cluster 2 ex-

pressed TFs associated with TR cell effector function or stability

such as Hif1a, Batf, Maf, and Ikzf2,30–33 and cluster 3 had the

highest expression of Foxp3, a known target gene of Stat5 in

TR cells.34 TFs involved in cell-cycle progression, such as E2f1,

E2f2, Mybl2, and Tfdp1, were expressed in clusters 4 and 5,

while Tox, Nr4a1, Nr4a3, and Egr2, which are associated with

NFAT activation downstream of antigen receptor signaling,

were expressed in cluster 6.35–37

In addition to IL-2R signaling that supports the survival of

cTR cells,23 the abundance and proliferation of eTR cells are

controlled by signaling through the TCR.22 Surprisingly, analysis

of genes regulated in TR cells by either Stat5 activation21 or TCR

signaling22 showed that Fc.Mut24 treatment upregulated both of

these transcriptional programs relative to PBS or Fc.WT (Fig-

ure 1F). In TR cells from PBS controls, there was an inverse cor-

relation between the expression of Stat5- and TCR-dependent

programs, and these gene sets were associated with cTR cells

in cluster 1 and eTR cells in cluster 2, respectively (Figure 1G).

In contrast, TR cells from Fc.Mut24-treated and, to a lesser

extent, Fc.WT-treated mice co-expressed the Stat5- and TCR-

dependent programs, and in response to Fc.Mut24 this was

associated with clusters 3, 4, and 5 (Figures 1H and 1I). Cells

with high expression of both Stat5- and TCR-dependent pro-

grams had increased expression of genes associated with

highly functional TR cells, including Il2ra, Ctla4, Icos, Tnfrsf18,

and Tgfb1 (Figures 1G–1J). Despite the prevalence of a
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TCR-dependent gene signature in TR cells from Fc.Mut24-

treated mice, single-cell TCR sequencing showed that

Fc.Mut24-expanded TR cells maintained a diverse TCR reper-

toire that was comparable to PBS controls or Fc.WT-treated

mice and had limited clonal expansion (Figures S1B and S1C).

Thus, Fc.WT and Fc.Mut24 have divergent effects on TR cell

expansion and gene-expression profiles, and prolonged IL-2R

signaling in TR cells by Fc.Mut24 is uniquely characterized by

co-expression of Stat5- and TCR-dependent gene signatures

associated with activated and highly functional TR cells.

Unique phenotypic features of Foxp3+ TR cells induced
by Fc.Mut24 treatment
Given the transcriptional changes induced by Fc.Mut24 treat-

ment, we further analyzed its role in modulating TR phenotype

and function. We injected B6 mice with 10 mg of Fc.Mut24

and examined splenic TR cells 3 days later. We observed an

�8-fold expansion in TR cell number in Fc.Mut24-treated mice

compared to mice given PBS (Figure 2A), and nearly all TR cells

were Ki-67+ after treatment (Figure 2A). Fc.Mut24 treatment

increased the expression of CD44 (Figure 2A), a marker of

T cell activation previously associated with proliferating TR cells

in the steady state.38 Expression of the hallmark TR identity

markers CD25, CTLA-4, and ICOS were also increased (Fig-

ure 2A). In contrast, expression of the co-inhibitory receptor pro-

grammed cell death 1 (PD-10), which antagonizes TR function

and is downregulated by Stat5 activation,39,40 did not increase

(Figure 2A).

We analyzed CD44lo CD62Lhi cTR and CD44hi CD62Llo eTR
populations, since cTR cells in secondary lymphoid tissues are

more dependent on IL-2R signaling during homeostasis.23,41

There was close to an equal expansion of cTR (6-fold) and eTR
(7-fold) in response to Fc.Mut24 treatment (Figure 2B). However,

a population of CD44hi CD62Lhi TR cells, which we called central-

effector (ceTR) cells, had the largest increase in both percentage

and cell number (17-fold) in Fc.Mut24-treated mice (Figure 2B).

Fc.Mut24 treatment upregulated CD25 on both cTR and eTR cells

but, similar to the expansion of cell number, ceTR cells had the

highest overall CD25 expression (Figure 2B). The expression of

CTLA-4 and ICOS was increased on all TR cell subsets after

Fc.Mut24 treatment, with the highest levels of these markers

observed on eTR cells followed by ceTR cells (Figure 2C). All three

of these expanded TR cell populations were highly suppressive

based on their ability to inhibit Tconv cell proliferation and expres-
Figure 1. Fc.Mut24 induces a distinct Foxp3+ TR cell transcriptional sta

(A) Percentage of Foxp3+ TR from different treatment groups. Representative flow

Graph shows mean ± SD with individual data points (n = 4); ****p % 0.0001, two

(B) UMAP-based clustering of merged scRNA-seq profiles of TR from PBS contr

cluster assignments. A complete list of the differentially expressed genes for eac

(C) UMAP-based clustering of scRNA-seq profiles of TR by treatment group.

(D) Bar graph showing the frequency of TR clusters in each treatment group.

(E) Heatmap showing the mean expression (Z score) of representative signature

(F) Violin plots with gene module expression for Stat5-dependent genes (Chinen

Wilcoxon signed rank test.

(G–I) Biaxial plots showing expression of Stat5-dependent versus TCR-dependen

low cutoff based on co-expression of both modules (bottom).

(J) Violin plots showing normalized expression of select genes associated with TR
on cutoff in (G)–(I) (bottom row); ****p % 0.0001, Wilcoxon signed rank test.
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sion of activationmarkers in in vitro co-culture assays (Figure S2).

We also found that although Fc.Mut24 treatment had no effect

on PD-1 when the total number of TR cells were analyzed,

PD-1 expression was specifically reduced in eTR cells (Fig-

ure 2C), which have the highest baseline PD-1 levels due to

strong TCR signaling.42

CTLA-4 cycling by Foxp3+ TR cells is enhanced by
Fc.Mut24 treatment
Although CTLA-4 is constitutively expressed by eTR cells, it is

largely restricted to intracellular vesicles due to rapid internaliza-

tion from the plasma membrane via clathrin-mediated endocy-

tosis.43 Following TCR stimulation, the intracellular pool of

CTLA-4 is mobilized and rapidly cycles between these vesicles

and the cell surface, allowing CTLA-4 to bind and strip CD80

and CD86 from APCs via transendocytosis.19,20 Therefore, to

determine whether CTLA-4 function may be increased after

Fc.Mut24 treatment, we measured surface CTLA-4 by staining

live cells at 4�C for 30 min and stained for the cycling pool of

functional CTLA-4 molecules by labeling for 2 h at 37�C. We

found that Fc.Mut24 treatment dramatically increased both sur-

face and cycling CTLA-4 in TR cells but not in Tconv cells, with

�17% of TR cells cycling CTLA-4 after treatment (Figure 3A).

Additionally, analysis of cTR, ceTR, and eTR cells showed signif-

icantly increased CTLA-4 surface expression and cycling in all TR
subsets after Fc.Mut24 treatment (Figure 3B). Consistent with

these results, the expression of Trat1 (TRIM), Lax1 (LAX), and

Rab8 that form a multimeric complex regulating post-Golgi traf-

ficking of CTLA-4 to the cell surface were upregulated in TR cells

from Fc.Mut24-treated mice (Figure S3A).44 Fc.Mut24 treatment

also increased the expression of the guanine nucleotide ex-

change factor Def6 and the small guanosine triphosphatase

Rab11 (Rab11a and Rab11b), which interact to control endoso-

mal recycling of CTLA-4 to the cell surface (Figure S3B).45,46

CTLA-4-dependent capture of co-stimulatory ligands by
Foxp3+ TR cells is enhanced by Fc.Mut24 treatment
To determine whether the increased CTLA-4 cycling in TR cells

resulted in increased CTLA-4-dependent transendocytosis of

co-stimulatory ligands, we isolated CD4+ T cells from PBS- or

Fc.Mut24-treated mice, co-cultured them with NIH/3T3 fibro-

blasts expressing GFP-tagged CD86 for 2 h, and analyzed

ligand capture by flow cytometry (Figure 4A). In accordance

with the CTLA-4 cycling results (Figure 3A), almost no Tconv
te

-cytometry plots from sorting are shown. Gates were set on live, CD4+ cells.

-tailed unpaired t tests.

ol, Fc.WT-treated, and Fc.Mut24-treated mice. Individual cells are colored by

h cluster is available in Table S1.

genes (rows) for each cluster (columns).

et al.21) or TCR-dependent genes (Levine et al.22) in TR cells; ****p % 0.0001,

t genes in each treatment group colored by TR cluster (top) or using a high and

activation between high and low populations from all treatment groups based
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Figure 2. Fc.Mut24 activates different Foxp3+ TR cell subsets

(A) Number and proliferation (Ki-67) of CD25+ Foxp3+ TR and the expression of indicated TR activation markers. Gates were set on live, CD4+ cells.

(B) Percentage, number, and proliferation of CD44lo CD62Lhi central TR (cTR), CD44
hi CD62Lhi central-effector TR (ceTR), and CD44hi CD62Llo effector TR (eTR) in

each treatment group. Gates are indicated on representative flow-cytometry plots.

(C) Expression of indicated TR activation markers on TR subsets.

All graphs show mean ± SD with individual data points (n = 6–11); *p% 0.05, **p% 0.01, ****p% 0.0001, two-tailed unpaired t tests, or multiple unpaired t tests.

n.s., not significant. Data are representative of 2–3 independent experiments.
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cells captured the CD86-GFP ligand, and only a low level of

CD86-GFP capture (<5% of cells) was observed in TR cells

from PBS controls (Figure 4B). However, this capture signifi-

cantly increased to �17% of TR cells after Fc.Mut24 treatment

(Figure 4B). Addition of the anti-CTLA-4 blocking antibody clone

UC10-4F10-11 (4F10) reduced CD86-GFP capture, and internal-

ization of captured ligand was confirmed by the accumulation of

CD86-GFP in the presence of the lysosomal inhibitor bafilomycin

A1 (BafA) (Figure 4C). In line with a previous report,20 we found

that eTR cells exhibited the highest level of CTLA-4 transendocy-

tosis in PBS controls (Figures S4A and S4B). However, after
Fc.Mut24 treatment, ceTR cells captured CD86-GFP ligand as

efficiently as eTR cells, and treatment also significantly increased

ligand capture by cTR cells (Figures S4A and S4B).

To determine whether Fc.Mut24 also enhanced CTLA-4-

dependent transendocytosis by TR cells in vivo, we set up a

model in which CD4+ T cells were adoptively transferred into

CD80-mCherry.Rag2�/� mice followed by Fc.Mut24 treatment

(Figure 4D). The CD80-mCherry fusion gene is knocked into

the endogenous locus in these recipient animals, allowing

CD80 transfer from APCs to T cells to be monitored by flow cy-

tometry (C.J.W., D.M.S., and L.S.K.W., unpublished data). In
Cell Reports 43, 114938, November 26, 2024 5
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Figure 3. Fc.Mut24 increases CTLA-4 cycling by different Foxp3+ TR cell subsets

(A) Percentage of CTLA-4+ cells between different treatment groups and staining conditions. Gates were set on live, CD4+, Foxp3+ TR, or Foxp3
� Tconv cells.

(B) Percentage of cycling CTLA-4+ cells between CD44lo CD62Lhi central TR (cTR), CD44
hi CD62Lhi central-effector TR (ceTR), and CD44hi CD62Llo effector TR

(eTR). Representative flow-cytometry plots for cycling CTLA-4 are shown.

All graphs show mean ± SD with individual data points (n = 6–9); *p% 0.05, **p% 0.01, ****p% 0.0001, multiple unpaired t tests. Data are representative of two

independent experiments.
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Figure 4. Fc.Mut24 increases CTLA-4-dependent transendocytosis of CD80 and CD86 by Foxp3+ TR cells

(A) Experimental design schematic for ex vivo CTLA-4 transendocytosis assay. Gates were set on live, CD4+, Foxp3+ TR, or Foxp3
� Tconv cells.

(B) Capture of CD86-GFP by Foxp3+ TR and Foxp3� Tconv between different treatment groups. Representative flow-cytometry plots for TR are shown. Graph

shows mean ± SD with individual data points (n = 7); ****p % 0.0001, multiple unpaired t tests. Data are representative of 2–3 independent experiments.

(legend continued on next page)
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addition to Fc.Mut24 treatment, recipients received three injec-

tions of isotype or anti-CTLA-4 blocking antibody (4F10) to

confirm the role of CTLA-4 in ligand capture (Figure 4D). Similar

to our ex vivoCTLA-4 transendocytosis assay, <5%of Foxp3+ TR
cells from PBS controls captured CD80-mCherry ligand in vivo,

while virtually no Tconv cells did (Figure 4E). However, Fc.Mut24

treatment increased the percentage of CD80-mCherry+ TR cells

with no changes observed for Tconv cells, and administration of

4F10 almost completely blocked CD80-mCherry ligand capture

by TR cells (Figure 4E). Thus, in addition to stimulating TR expan-

sion, Fc.Mut24 enhances TR function by increasing CTLA-4

cycling and transendocytosis of co-stimulatory ligands by multi-

ple subsets of Foxp3+ TR cells.

Upregulation of co-stimulatory ligand and MHC class II
protein expression during cDC maturation is
suppressed by Fc.Mut24 treatment
We next examined how elevated function of CTLA-4 in TR
cells induced by Fc.Mut24 treatment impacted the maturation

of different APC populations following inflammatory stimulation.

In secondary lymphoid organs, two primary cDC subsets have

been described. Type 1 conventional DCs (cDC1s) depend on

the transcription factors Batf3 and Irf847 and are essential for

cross-presentation andprimingofCD8+Tcells aswell as Thelper

1 (Th1) cells.48 In contrast, type 2 conventional DCs (cDC2s) are

Irf4 dependent, and cDC2s prime Th17 and Th2 responses.49

To determine the impact of Fc.Mut24 treatment on cDC1s and

cDC2s in vivo, we treated mice with PBS or Fc.Mut24, and

3days later somemice receiveda lowdoseof lipopolysaccharide

(LPS) intraperitoneally to promote cDC maturation in the spleen

(Figure 5A). Whereas Fc.Mut24 treatment had no impact on

33D1+ cDC2s frequency in the spleen, both the percentage and

number of splenic CD8a+ cDC1s were increased after treatment

(Figure S5). However, this expansion was lost in the presence

of LPS, where Fc.Mut24 treatment was associated with a

decreased abundance of cDC1s.

LPS stimulation in control mice led to classical signs of DC

maturation, such as increased surface expression of co-stimula-

tory ligands (CD80 and CD86), co-stimulatory receptors (CD40),

and antigen-presentation molecules (MHC class II) on both

cDC1s and cDC2s (Figures 5B–5E). However, in mice previously

treated with Fc.Mut24, the LPS-mediated upregulation of CD80

and CD86 on both cDC1s and cDC2s was almost completely

blocked (Figures 5B and 5C), whereas there was no effect on up-

regulation of CD40 (Figure 5D). LPS-mediated upregulation of

MHC class II surface expression was also partially reduced in

both cDC1s and cDC2s in Fc.Mut24-treated mice (Figure 5E).

In the absence of LPS, the effects of Fc.Mut24 treatment were

less dramatic but included increased expression of CD40 by

cDC1s (Figure 5D), decreased expression of CD80 and CD86
(C) Capture of CD86-GFP by Foxp3+ TR between different co-culture conditions.

Graph shows mean ± SD with individual data points (n = 7); **p % 0.01, ***p %

independent experiments.

(D) Experimental design schematic for in vivo CTLA-4 transendocytosis assay. G

(E) Capture of CD80-mCherry by Foxp3+ TR and Foxp3� Tconv between different

shows Foxp3+ TR data, andmean ±SDwith individual data points (n = 5 per group)

three independent experiments.
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by cDC1s (Figures 5B and 5C), and decreased expression of

CD80 by cDC2s (Figure 5B).

To further assesschanges incDCs fromFc.Mut24-treatedmice,

we performed bulk RNA-seq on sorted cDC1s and cDC2s from

each of the four groups of mice outlined in Figure 5A cDC1s ex-

pressed canonical genes such as Xcr1, Clec9a, Itgae (CD103),

and Irf8, whereas cDC2s expressed Irf4, Cd4, and Sirpa (Fig-

ure S6A). Principal component analysis (PCA) revealed that unsti-

mulated (Ctrl) samples separated from LPS-stimulated samples

across thePC1axis for cDC1sandcDC2s, indicatingastrongtran-

scriptional response to LPS in both cell types (Figure S7A). Anal-

ysis of all differentially expressed genes between unstimulated

and LPS-stimulated samples demonstrated that Fc.Mut24 had

minimal impact on LPS-induced changes in gene expression in

cDC1s and essentially no impact in cDC2s (Figure S7B). For

cDC1s in Fc.Mut24-treated mice, a subset of 634 genes did

have blunted LPS-mediated upregulation (highlighted in the red

rectangle, Figure S7B). Gene set enrichment analysis showed

that the hallmark gene set TNFA_Signaling_via_NFKB was en-

riched in LPS-stimulated cDC1s from control mice compared to

Fc.Mut24-treated mice (Figure S7C). Consistent with this, cDC1s

from Fc.Mut24-treated mice had slightly reduced upregulation

of nuclear factor (NF)-kB-regulated genes associated with

cDC maturation such as Cd80, Il15, Il15ra, Ccr7, and Ccl5 (Fig-

ure S7D).50–52 Although Cd80 expression was reduced in LPS-

stimulated cDC1s from Fc.Mut24-treated mice, there were no

changes in Cd86 (Figure S6E). Additionally, genes encoding

MHC class II (H2-Ab1 and H2-Aa) were increased in Fc.Mut24-

treated mice (Figure S7E), in contrast to what was observed for

MHC class II protein expression (Figure 5E). Together, these

data show that Fc.Mut24 treatment has aminor effect on the tran-

scriptional responseofcDC1sbutnotcDC2s toastrong inflamma-

tory stimulus, and suggest that regulation of CD80, CD86, and

MHC class II expression by TR cells primarily occurs post-

transcriptionally.

Fc.Mut24-mediated suppression of co-stimulatory
ligand protein expression in cDCs is CTLA-4 dependent
Whereas CTLA-4 expression by TR cells can downregulate CD80

andCD86onAPCs invarioussettings invitro,18,19,53,54 fewer invivo

studies have shown that this is a CTLA-4-dependent process.20,55

In addition to the CTLA-4 transendocytosis model, an alternative

model of trogocytosis has been proposed, in which CD80 and

CD86plusothermembraneproteinssuchasCD40andMHCclass

II are concomitantly transferred fromAPCs to the TR cell surface.
56

We therefore wanted to understand to what extent the downregu-

lationofCD80,CD86, andMHCclass II oncDCsweobservedafter

Fc.Mut24 treatment was dependent on CTLA-4 expression. For

this, we used the same LPS stimulation model with Fc.Mut24

treatment and added the blocking 4F10 anti-CTLA4 antibody
Representative flow-cytometry plots from Fc.Mut24-treated mice are shown.

0.001, ****p % 0.0001, multiple paired t tests. Data are representative of 2–3

ates were set on CD4+, Foxp3+ TR, or Foxp3
� Tconv.

treatment groups. Representative flow-cytometry plots are shown. The graph

; *p% 0.05, ****p% 0.0001, multiple unpaired t tests. Data are representative of



A

D E

F

G

CB

(legend on next page)

Cell Reports 43, 114938, November 26, 2024 9

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
(Figure 5F), which does not cause FcR-dependent depletion of TR
cells as seen with other anti-CTLA-4 monoclonal antibodies,57

which we confirmed in our studies (Figure S8A). 4F10 treatment

did reduce total CTLA-4 expression on Foxp3+ TR cells but slightly

increasedTR ICOSexpression (FigureS8B), likelydue to increased

CD28 co-stimulation. Importantly, 4F10 treatment in Fc.Mut24-

treated mice partially restored CD80 and CD86 expression by

cDC1s and cDC2s, with no effect on MHC class II (Figure 5G).

Therefore, our dataareconsistentwith theCTLA-4 transendocyto-

sis model in which cognate CD80 and CD86 ligands, but not other

membrane proteins such asMHC class II, are stripped from cDCs

in a CTLA-4-dependent manner.

CD80 also promotes T cell function by binding in cis to PD-L1

(PD-1 ligand) and preventing it from binding to the checkpoint re-

ceptor PD-1.58 Thus, loss of CD80 from the surface of DCs

following Fc.Mut24 treatment could further suppress T cell activa-

tion by promoting functional PD-L1 expression. To test this, we

treated control or Fc.Mut24 pre-treated mice with LPS as above

and examined the binding of splenic cDC1s and cDC2s to a fluo-

rescently labeled PD-1-Fc fusion protein. Indeed, we found that

downregulation of CD80 in Fc.Mut24-treated mice was associ-

ated with significantly increased PD-1 binding to the surface of

both cDC1s and cDC2s, and this was partially blocked when

mice were also treated with the 4F10 anti-CTLA-4 antibody (Fig-

ure S9). These data indicate that the enhanced function of

CTLA-4hi TR cells following Fc.Mut24 treatmentmodulates DC ac-

tivity through both direct depletion of co-stimulatory ligands and

consequent enhancement of PD-1 checkpoint signaling.

Fc.Mut24-mediated suppression of MHC class II protein
expression in cDC1s is IL-10 dependent
In addition to CTLA-4 expression, IL-10 production by TR cells

may also regulate cDC function in Fc.Mut24-treated mice.

We found that IL-10 production was mostly restricted to

CD44hiCTLA-4+ TR cells in both PBS controls and Fc.Mut24-

treated mice (Figure 6A). Although the percentage of IL-10+ TR
cells did not change after Fc.Mut24 treatment, the absolute num-

ber of IL-10+ TR cells significantly increased, as well as the

amount of IL-10 produced on a per-cell basis (Figure 6B). There

was also a slight but significant increase in the percentage of IL-

10+ cells among the Foxp3� Tconv cell population, but this was

not reflected by an increase in cell number (Figure 6B).

To analyze the contribution of IL-10 receptor signaling to the

regulation of CD80, CD86, and MHC class II in cDCs, we gener-

atedmixed bonemarrow (BM) chimericmice in which lethally irra-

diated CD45.1+ hosts were reconstituted with 90% wild-type

CD45.1+ BM and 10% BM from CD45.2+ IL-10 receptor subunit

b knockout (Il10rb�/�) mice (Figure 6C). We used a low frequency

of Il10rb�/� cells to prevent recipients fromdeveloping chronic co-
Figure 5. Fc.Mut24 promotes CTLA-4-dependent transendocytosis of

(A) Experimental design schematic for the in vivo dendritic cell (DC) maturation m

(B–E) Expression of indicated DC maturation markers. Representative histogram

***p% 0.001, ****p% 0.0001, multiple unpaired t tests. Ctrl, control. For MHC clas

PBS control (dotted line). Data are representative of 2–3 independent experimen

(F) Experimental design schematic for the anti-CTLA-4 study.

(G) Expression of indicated DC maturation markers between isotype- and anti-C

points (n = 7); ***p % 0.001, ****p % 0.0001, multiple unpaired t tests. n.s., not si
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litis or sensitivity to LPS-induced shock that occurs in global

ll10rb�/� knockout mice.59,60 This allowed us to directly compare

IL-10-receptor-sufficient and -deficient cDCs within the same an-

imals following LPS stimulation in the absence or presence of

Fc.Mut24 treatment. We found that MHC class II expression

was partially restored on Il10rb�/� compared to wild-type

cDC1s from Fc.Mut24-treated mice, without any changes in

CD80 or CD86 (Figure 6D). In PBS-treated controls, lack of IL-

10 signaling did increase CD80 and CD86 levels by cDC1s,

demonstrating that their expression of co-stimulatory ligands in

the steady state is regulated by mechanisms other than

CTLA-4-dependent transendocytosis (Figure 6D). In contrast to

cDC1s, we did not detect any significant changes in MHC

class II, CD80, or CD86 expression by Il10rb�/� versus wild-

type cDC2s (Figure 6E). IL-10 regulates MHC class II post-tran-

scriptionally in DCs by inducing expression of the E3 ubiquitin

ligase March-I that targets MHC class II molecules for degrada-

tion.61,62 Consistent with a potential role for March-I in decreasing

MHCclass II expression in cDC1s,we found that although not sta-

tistically significant (false discovery rate = 0.065), there was a

trend toward increased March1 expression in LPS-stimulated

cDC1s from mice treated with Fc.Mut24 relative to PBS controls,

with minimal difference in cDC2s (Figure S10A). Thus, during

Fc.Mut24 treatment, IL-10 receptor signaling in cDC1s plays a

role in downregulating MHC class II surface expression, likely

through a March-1-dependent mechanism.

Co-stimulatory ligand and MHC class II protein
expression in cDCs is suppressed by Fc.Mut24
treatment in autoimmune diabetes
Fc.Mut24 treatment in pre-diabetic NODmice prevents diabetes

onset and reduces the severity of islet infiltration.9 However, the

mechanisms responsible for durable disease protection have not

been explored, and whether distinct types of APCs are sup-

pressed by TR cells during an autoimmune response is undeter-

mined. In NODmice, pancreatic islet-infiltrating cDC1s and islet-

resident macrophages play essential and non-redundant roles in

the development of autoimmune diabetes.63,64 In an early event

in the inflammatory cascade, migratory cDC1s (XCR1+CD103+)

prime islet-reactive CD8+ and CD4+ T cells in the pancreatic

lymph node (pancLN), and cDC1s also present autoantigens to

T cells in the islets during disease progression,63 whereas resi-

dent macrophages (F4/80+) promote the early entrance of

CD4+ T cells and cDCs into the islets.64

Treatment of pre-diabeticNODmicewith Fc.Mut24 significantly

increased the percentage and number of Foxp3+ TR cells in

the spleen, pancLN, and pancreas, with almost all cells being

Ki-67+ (Figure S11A), with further upregulation of CD25, Foxp3,

CTLA-4, and ICOS, and downregulation of PD-1 by TR cells in
CD80 and CD86 during dendritic cell maturation

odel. See Figure S5A for the gating strategy.

s are shown. Graphs show mean ± SD with individual data points (n = 7–10);

s II expression, data are shown as fold-change geometric MFI over the mean of

ts.

TLA-4 antibody-treated mice. Graphs show mean ± SD with individual data

gnificant. Data are representative of 2–3 independent experiments.
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all tissue sites (Figure S11B). To establish how TR expansion

and activation affect disease-relevant APCs, we analyzed

XCR1+CD103+ migratory cDC1s and Sirpa+ cDC2s in the pancLN

and pancreas, as well as pancreatic F4/80+ macrophages in PBS

controls or Fc.Mut24-treated mice (Figures 7A and S12A). There

was an expansion of XCR1+ cDC1 number in the spleen, pancLN,

and pancreas after Fc.Mut24 treatment and a slight increase in

splenic Sirpa+ cDC2 number, but no changes in pancreatic F4/

80+ macrophages (Figure S12B). In agreement with reports

showing a pro-inflammatory phenotype,63–65 pancreatic F4/80+

macrophages had high expression of CD80, CD86, CD40, and

MHC class II, and treatment with Fc.Mut24 did not alter the

expression of any of these markers (Figure 7A). In contrast,

CD80 expression was significantly reduced in migratory cDC1s

from the pancLN and pancreas after treatment (Figure 7A).

CD86 expression was also lower in pancreatic cDC1s from

Fc.Mut24-treated mice, in addition to lower expression of CD80

and MHC class II in pancreatic cDC2s (Figure 7A). Across all

cell types and tissues examined, CD40 was not downregulated

by Fc.Mut24 treatment (Figure 7A). Together, these data demon-

strate that TR cells in lymphoid tissues and at the site of tissue

inflammation are activated with Fc.Mut24, leading to tissue- and

cell-type-dependent effects on co-stimulatory ligand expression

by disease-promoting cDCs.

Induction of anergic T cells by Fc.Mut24 treatment in
autoimmune diabetes
Since the upregulation of CTLA-4 by Foxp3+ TR cells in the

pancLN of Fc.Mut24-treated NOD mice correlated with

decreased CD80 expression by migratory cDC1s, we wanted

to determine the impact on anergy in Tconv cells at this site. We

first analyzed CD4+ CD44hi Foxp3� cells for co-expression of

CD73 and FR4, which defines an anergic population that has

the ability to differentiate into Foxp3+ TR cells.66 Differentiation

of anergic CD4+ T cells into suppressive Foxp3� Tr1 cells by tol-

erogenic DCs has also been reported and is associated with the

upregulation of CD73, CTLA-4, and PD-1.67,68 We found that the

percentage and number of anergic CD73hi FR4hi cells as well as

CD73hi FR4intermediate and CD73hi FR4� cells in the pancLN

significantly increased after Fc.Mut24 treatment (Figure 7B).

The CD73hi FR4� population also had increased expression of

CTLA-4 and PD-1 in Fc.Mut24-treated mice (Figure 7B), consis-

tent with what was previously reported for induced Foxp3� Tr1

cells. When analyzing CD8+ CD44hi cells, we observed a similar

expansion of CD73hi FR4� cells after Fc.Mut24 treatment in

addition to the upregulation of CTLA-4 and PD-1 by this popula-

tion (Figure 7C). Analysis of CD4+ CD44hi Foxp3� and CD8+

CD44hi cells in the pancLN of NOD mice at different times after

IL-2 mutein treatment showed that elevated CD73 expression
Figure 6. Fc.Mut24 promotes IL-10-dependent downregulation of MHC

(A) Representative flow-cytometry plots of IL-10 and CTLA-4 expression by TR a

(B) Graphs show mean ± SD with individual data points for IL-10 percentage, IL-1

and TR cells (n = 8–9); **p % 0.01, ****p % 0.0001, multiple unpaired t tests. The

experiments.

(C) Experimental design schematic for IL-10 receptor b knockout (Il10rb�/�) stud
(D and E) Expression of indicated DCmaturation markers betweenwild-type and Il

points (n = 3); *p % 0.05, multiple paired t tests.
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was transient and largely mirrored the expansion of Foxp3+

TR cells (Figure S13). These findings indicate that Fc.Mut24-

expanded Foxp3+ TR cells promote anergic phenotypes in autor-

eactive Tconv cells, with the potential for generating suppressive

CD4+ and CD8+ T cells lacking Foxp3 expression that may

further amplify immune regulation as an example of infectious

tolerance to promote durable disease protection.69

DISCUSSION

Despite the current testing of CD25-biased Fc.IL-2 muteins with

enhanced Foxp3+ TR cell selectivity in clinical trials,10 the molec-

ular mechanisms by which these therapeutics induce immune

tolerance and prevent disease progression in models of autoim-

mune disease have not been well characterized. In addition,

although the role of IL-2 in maintaining the homeostasis of

Foxp3+ TR cells is well documented23,70 and there is an indis-

pensable role of the IL-2R in TR suppressor activity,
21 there is still

a lack of complete understanding of how IL-2R signaling influ-

ences TR cell differentiation and function.

We used a murine Fc.IL-2 mutein (Fc.Mut24) that we previ-

ously developed for pre-clinical studies as a tool to understand

how treatment influences Foxp3+ TR-suppressive function

in vivo. Fc.Mut24 treatment induced a large expansion of

ceTR cells with high expression of the activation marker CD44

and the lymphoid trafficking molecule CD62L, increased the

expression of immunoregulatory molecules such as CTLA-4

and IL-10, and decreased the expression of molecules that

antagonize TR function, such as PD-1. Similar to our findings,

low-dose IL-2 therapy promotes the upregulation of CD44

and downregulation of PD-1 on antigen-specific CD8+ T cells

during chronic viral infection and is associated with enhanced

effector function.71 Although the origin of the ceTR cell popula-

tion after Fc.Mut24 treatment will require further investigation,

these cells may derive from cTR cells that upregulate CD44 or

eTR cells that upregulate CD62L. Neither Cd44 nor Sell (the

gene encoding CD62L) appear to be direct targets of Stat5 in

TR cells, yet both are modulated by TCR signaling and their

altered expression in Fc.Mut24-treated mice could reflect pro-

longed IL-2R and TCR synergy due to the enhanced half-life

and signaling of Fc.Mut24. Consistent with this hypothesis,

we found that Fc.Mut24 treatment induced a distinct transcrip-

tional profile indicative of both IL-2R and TCR signaling, and a

recent report showed that TR cell expansion with Fc.IL-2 mu-

teins was blunted by the blockade of MHC class II.72 Whether

unique phenotypes are observed in human Foxp3+ TR cells af-

ter Fc.IL-2 mutein treatment will be interesting to examine,

given the heterogeneity in human TR cell populations that we

and others have described.73,74
class II during dendritic cell maturation

re shown in PBS- and Fc.Mut24-treated mice.

0+ cell number, and mean fluorescence intensity (MFI) of IL-10 staining in Tconv
MFI shown is gated on IL-10+ TR. Data are representative of two independent

y.

10rb�/� cDC1s (D) and cDC2s (E). Graphs showmean ±SDwith individual data
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Our data demonstrate that a major mechanism by which

Fc.Mut24 treatment alters TR function is through increasing

CTLA-4 expression and cycling from intracellular compartments

to the cell surface in TR cells but not Foxp3� Tconv cells. Previous

work has pointed to TCR signaling as the principal regulator of

CTLA-4 function, as T cell activation via anti-CD3 increases

CTLA-4 cycling in both TR and Tconv cells, albeit with different ki-

netics between cell types.20,43 However, these experiments

were performed using total CD4+ T cells rather than purified pop-

ulations, and it cannot be ruled out that IL-2 produced by Tconv
cells upon activation synergized with TCR signaling to enhance

CTLA-4 cycling in TR cells. A connection between IL-2-induced

immune regulation and the CTLA-4 pathway was previously

suggested, since IL-2 induces the surface and intracellular

expression of CTLA-4 in murine and human T cells in vitro,75,76

and acute IL-2 blockade in mice decreases CTLA-4 expression

by TR cells.77 Transgenic expression of CTLA-4 also rescues

the lymphoproliferative disease that occurs in IL-2-deficient

mice,78 suggesting that impaired CTLA-4 function in the

absence of IL-2 contributes to immune pathology. In support

of our CTLA-4 cycling results, Fc.Mut24 treatment significantly

increased CTLA-4-dependent transendocytosis of CD86

ex vivo andCD80 in vivo by TR but not Tconv cells.Wewere partic-

ularly interested to find that cTR cells, which usually have a naive

phenotype and relatively low CTLA-4 expression, gained the

ability to capture CD86 in Fc.Mut24-treated mice. As cTR cells

are generally found at high density within T cell zones of second-

ary lymphoid tissues where Tconv-DC interactions and T cell

priming occur, this increases their potential to contribute to im-

mune regulation after Fc.Mut24 treatment.

To determine whether TR expansion and activation after

Fc.Mut24 treatment resulted in the suppression of cDC function,

we established a model of LPS-mediated maturation. In these

experiments and others in NOD mice, Fc.Mut24 increased the

abundance of cDC1s in multiple tissues. While we did not further

explore this mechanistically, IL-2 can induce cDC expansion by

increasing T cell production of cytokines such as Fms-like tyro-

sine kinase 3 ligand (Flt3l).79 Importantly, Fc.Mut24 significantly

enhanced CTLA-4-dependent transendocytosis of CD80 and

CD86 during splenic cDC1 and cDC2 maturation, in addition

to downregulation of surface MHC class II, which was not

CTLA-4 dependent but due to IL-10 signaling in cDC1s. Loss

of CD80 also increased binding of PD-1 to both cDC1s and

cDC2s, likely due to the release of PD-L1 from inhibitory cis inter-

action with CD80, and thus interaction with TR cells in Fc.Mut24-

treated mice significantly alters the balance of co-stimulatory

and co-inhibitory ligands presented by DCs. By contrast,
Figure 7. Fc.Mut24 limits dendritic cell maturation and induces anergi

(A) Expression of indicated maturation markers on different subsets of CD11c+ MH

(pancLN), and pancreas of 8- to 10-week-old female non-obese diabetic (NOD) m

gating strategy.

(B) Percentage and number of CD73hi FR4�, CD73hi FR4intermediate, and CD73hi

indicated markers on CD73hi FR4� cells. Gates were set on live, CD45+, CD4+, C

(C) Percentage and number of CD73hi FR4� Tconv cells isolated from the pancLN

CD44hi, Foxp3� cells.

All graphs show mean ± SD with individual data points (n = 6–9); *p % 0.05, **p

unpaired t tests. Data are representative of 2–3 independent experiments.
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Fc.Mut24 treatment slightly blunted the overall transcriptional

response of cDC1s but had no effect on cDC2s following LPS

stimulation. While the reasons for the differential transcriptional

regulation of splenic cDC1s versus cDC2 subsets are not

apparent, at steady state cDC1s are found within splenic T cell

zones, whereas cDC2s are located at the marginal zone bridging

channel between the red pulp and white pulp,80 possibly allow-

ing for more sustained interactions between TR cells and cDC1s.

In human monocytes, IL-10 prevents IkB degradation as well

as nuclear translocation of NF-kB and binding to target genes.81

Therefore, IL-10-mediated downregulation of the NF-kB

pathwaymay reduceCD80 transcription in cDC1s and blunt their

transcriptional response to LPS. We found no evidence of CD40

downregulation during cDC maturation, similar to other studies

on TR cells activated via TCR stimulation, which downregulate

CD80 and CD86, but not CD40, on splenic DCs.54 These results

support amodel in which increased CTLA-4-dependent transen-

docytosis and IL-10 production are important mechanisms used

by TR cells to modulate cDC function following Fc.Mut24 treat-

ment and establish that in the presence of a strong inflammatory

stimulus, TR cells do not completely inhibit cDC maturation.

In cancer models, TR cells suppress cDC1s in both the tumor-

draining lymph node and the tumor,82,83 but it is unclear whether

similar findings apply to target organs in autoimmune disease.

Using 8- to 10 week-old female NOD mice, an age at which

there is already established autoimmunity and infiltration of the

pancreatic islets but no overt diabetes,84 we found that cDC2s

and migratory cDC1s from the pancreas of Fc.Mut24-treated

mice had reduced CD80 expression, and there was reduced

CD86 expression by cDC1s. These migratory cDC1s, which

are required for the initiation of disease development in NOD

mice,63 also had lower CD80 expression in the pancreatic lymph

node. Consistent with reduced expression of the CD28 ligands

and MHC class II by DCs, the frequency of anergic phenotype

CD73hi FR4hi CD4+ T cells in the pancreatic lymph node and

CD73hi FR4� T cells that were either CD4+ or CD8+ significantly

increased after Fc.Mut24 treatment. In CD8+ T cells, a lack of

CD28 co-stimulation during activation leads to CD73 upregula-

tion and the generation of regulatory cells that suppress effector

T cell responses through CD73-mediated adenosine produc-

tion.85 Similarly, CD4+ T cells activated without CD28 co-stimu-

lation have elevated levels of the Nt5e gene encoding CD73,86

suggesting that CD73 upregulation is a common mechanism of

T cell tolerance in the absence of sufficient co-stimulation. Aden-

osine produced by CD73 can further induce IL-10 expression in

immune cells such as macrophages and DCs,87,88 and thus a

suppressive CTLA-4 / CD73 / IL-10 axis likely contributes
c T cells during the progression of autoimmune diabetes

C II+ antigen-presenting cells isolated from the spleen, pancreatic lymph node

ice treated with PBS or Fc.Mut24 4 days previously. See Figure S12A for the

FR4hi conventional T (Tconv) cells isolated from the pancLN and expression of

D44hi, Foxp3� cells.

and expression of indicated markers. Gates were set on live, CD45+, CD8+,

% 0.01, ***p % 0.001, ****p % 0.0001, two-tailed unpaired t tests or multiple
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to immune regulation and induction of anergic phenotype cells

after Fc.Mut24 IL-2 mutein treatment.

High levels of IL-2R signaling promote the terminal differentia-

tion of short-lived but highly suppressive TR cells.89 This is anal-

ogous to the ability of strong IL-2R signaling to induce terminally

differentiated short-lived effector CD8+ T cells2 and highlights a

conserved role for IL-2R signaling driving both TR and Tconv
effector function. While the mechanisms by which strong IL-2R

signaling potentiates TR-suppressive function are not completely

understood, Stat5 activation appears to increase TR cell adher-

ence to DCs in vitro, reducing their expression of CD80 and

CD86.21 Exposure of TR cells to IL-2 also increases TR-DC inter-

actions in vivo, leading to suppression of DC function and T cell

priming in a contact-dependent but MHC class II-independent

manner.90 We postulate that extensive IL-2R signaling in TR cells

increases CTLA-4 expression and TR-DC adhesion, allowing TR
cells to strip DCs of CD80 and CD86 in anMHC class II-indepen-

dent manner, which is consistent with the established models of

TR cell-mediated bystander suppression.

CD25-biased Fc.IL-2 muteins have unique properties, such

as sustained IL-2 signaling, that promote the expansion and

differentiation of highly activated Foxp3+ TR cells. We show

that these Fc.IL-2 mutein-expanded TR cells have a distinct

transcriptional and functional profile and can regulate DCs us-

ing multiple molecular mechanisms resulting in reduced co-

stimulatory ligand availability that is accompanied by induction

of T cell anergy and transient expression of the immunoinhibi-

tory protein CD73 by Tconv cells. The relationship between

sustained IL-2R signaling, TR effector function, and anergy in-

duction is highly desirable under conditions of persistent autor-

eactive T cell activation for establishing lasting immune toler-

ance. Indeed, the ability of Fc.IL-2 muteins to enhance TR
cell-mediated suppression of DCs during an autoimmune

response distinguishes this class of therapeutics from other bi-

ologics that block pathogenic effector T cell pathways, further

warranting their use in the prevention and treatment of chronic

inflammatory diseases.
Limitations of the study
All experiments in this study were performed in mice with a corre-

sponding murine IL-2 mutein, and their applicability to human TR
cells with different human IL-2 muteins has not been confirmed.

Comparing in vivo responses of TR cells to Fc.WT and Fc.Mut24

IL-2 is complicated by the dramatically different half-lives of these

proteins as demonstrated in our previous study.9 TR cells function

via a large number of differentmechanisms, and althoughwehave

shown thatCTLA-4 and IL-10 function is increased following treat-

ment with Fc.Mut24 to suppress the activity of various DC popu-

lations, induction of full tolerance may also require other suppres-

sive pathways not examined in this study. Induction of Tconv cell

anergy in the pancLNofNODmice is inferredbased on the pheno-

typic markers CD73 and FR4 but is not directly demonstrated.

RESOURCE AVAILABILITY

Lead contact

Requests for resources and reagents can be directed to the lead contact,

Daniel J. Campbell, dcampbell@benaroyaresearch.org.
Materials availability

Materials are available by request from Daniel J. Campbell.

Data and code availability

d Bulk and single-cell RNA-seq data have been deposited into the Gene

Expression Omnibus under series GEO: GSE249482.

d Code used for analyses can be found at http://doi.org/10.5281/zenodo.

13315646.

d Any additional information required to reanalyze the data reported in this

paper is available from the lead contact upon request.

ACKNOWLEDGMENTS

We thank Shivani Srivastava (Fred Hutchinson Cancer Center) for Plat-E

packaging cells, Francesco Marangoni (UC Irvine) for the signal-amplifica-

tion protocol used for the staining of surface and cycling CTLA-4, the

Cell and Tissue Analysis Group at the Benaroya Research Institute (BRI)

for flow cytometry and sorting expertise, and the Genomics Core at BRI

for bulk and single-cell RNA-seq. Flow-cytometry and genomics equipment

used in this study was provided by generous support from the M.J.

Murdock Charitable Trust. This work was supported by National Institutes

of Health grants (5R01AI154773, 5R01AI136475, and 1R21AI172140)

to D.J.C., an MRC Programme grant to L.S.K.W. (MR/N001435/1), and a

postdoctoral fellowship from the Washington Research Foundation to

B.L.J.

AUTHOR CONTRIBUTIONS

B.L.J. designed and performed the experiments, analyzed and interpreted

the data, prepared the figures, and co-wrote the manuscript. L.S.K.W. and

D.M.S. generated the CD80-mCherry mice. C.J.W. and L.S.K.W. designed

and performed experiments on in vivo CTLA-4 transendocytosis in

Figures 4D and 4E. L.J.Z. and D.J.C. performed experiments in Figures S2

and S13. C.J.W., L.S.K.W., and M.A.G. edited the manuscript. M.L. and

H.A.D. analyzed the data and assisted with figure generation. D.J.C. and

M.A.G. conceptualized the study, and D.J.C. supervised the study and co-

wrote the manuscript.

DECLARATION OF INTERESTS

D.J.C. is a member of the scientific advisory board and holds stock options in

Sonoma Biotherapeutics.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include

the following:

d KEY RESOURCES TABLE

d EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
B Mice

d METHOD DETAILS

B Mouse treatments

B Single-cell RNA-seq of Foxp3+ TR cells

B Demultiplexing and alignment of single-cell RNA-seq data

B Analysis of single-cell RNA-seq data

B Tissue preparation for flow cytometry and cDC sorting

B Flow cytometry

B In vitro suppression assay

B Bulk RNA-seq of cDCs

B Ex vivo CTLA-4 cycling

B Ex vivo CTLA-4 transendocytosis

B In vivo CTLA-4 transendocytosis

B Construction of mixed bone marrow chimeras

d QUANTIFICATION AND STATISTICAL ANALYSIS
Cell Reports 43, 114938, November 26, 2024 15

mailto:dcampbell@benaroyaresearch.org
http://doi.org/10.5281/zenodo.13315646
http://doi.org/10.5281/zenodo.13315646


Article
ll

OPEN ACCESS
SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.

celrep.2024.114938.

Received: December 9, 2023

Revised: August 15, 2024

Accepted: October 16, 2024

Published: November 2, 2024

REFERENCES

1. Nelson, B.H. (2004). IL-2, regulatory T cells, and tolerance. J. Immunol.

172, 3983–3988. https://doi.org/10.4049/jimmunol.172.7.3983.

2. Kalia, V., and Sarkar, S. (2018). Regulation of Effector and Memory CD8 T

Cell Differentiation by IL-2-A Balancing Act. Front. Immunol. 9, 2987.

https://doi.org/10.3389/fimmu.2018.02987.
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38. Fisson, S., Darrasse-Jèze, G., Litvinova, E., Septier, F., Klatzmann, D., Li-

blau, R., and Salomon, B.L. (2003). Continuous activation of autoreactive

CD4+ CD25+ regulatory T cells in the steady state. J. Exp. Med. 198,

737–746. https://doi.org/10.1084/jem.20030686.

39. Tan, C.L., Kuchroo, J.R., Sage, P.T., Liang, D., Francisco, L.M., Buck, J.,

Thaker, Y.R., Zhang, Q., McArdel, S.L., Juneja, V.R., et al. (2021). PD-1 re-

straint of regulatory T cell suppressive activity is critical for immune

tolerance. J. Exp. Med. 218, e20182232. https://doi.org/10.1084/jem.

20182232.

40. Wang, G., Tajima, M., Honjo, T., and Ohta, A. (2021). STAT5 interferes with

PD-1 transcriptional activation and affects CD8+ T-cell sensitivity to PD-1-

dependent immunoregulation. Int. Immunol. 33, 563–572. https://doi.org/

10.1093/intimm/dxab059.

41. Toomer, K.H., Lui, J.B., Altman, N.H., Ban, Y., Chen, X., and Malek, T.R.

(2019). Essential and non-overlapping IL-2Ra-dependent processes for

thymic development and peripheral homeostasis of regulatory T cells.

Nat. Commun. 10, 1037. https://doi.org/10.1038/s41467-019-08960-1.

42. Perry, J.A., Shallberg, L., Clark, J.T., Gullicksrud, J.A., DeLong, J.H.,

Douglas, B.B., Hart, A.P., Lanzar, Z., O’Dea, K., Konradt, C., et al.

(2022). PD-L1-PD-1 interactions limit effector regulatory T cell populations

at homeostasis and during infection. Nat. Immunol. 23, 743–756. https://

doi.org/10.1038/s41590-022-01170-w.
43. Qureshi, O.S., Kaur, S., Hou, T.Z., Jeffery, L.E., Poulter, N.S., Briggs, Z.,

Kenefeck, R., Willox, A.K., Royle, S.J., Rappoport, J.Z., and Sansom,

D.M. (2012). Constitutive clathrin-mediated endocytosis of CTLA-4 per-

sists during T cell activation. J. Biol. Chem. 287, 9429–9440. https://doi.

org/10.1074/jbc.M111.304329.

44. Schneider, H., and Rudd, C.E. (2014). Diverse mechanisms regulate the

surface expression of immunotherapeutic target ctla-4. Front. Immunol.

5, 619. https://doi.org/10.3389/fimmu.2014.00619.

45. Serwas, N.K., Hoeger, B., Ardy, R.C., Stulz, S.V., Sui, Z., Memaran, N.,

Meeths, M., Krolo, A., Y€uce Petronczki, Ö., Pfajfer, L., et al. (2019). Human
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Anti-mouse CD45.1 AF700 (A20) BioLegend Cat# 110723; RRID:AB_493732
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TotalSeq-C0301 anti-mouse Hashtag 1 BioLegend Cat# 155861; RRID:AB_2800693

TotalSeq-C0302 anti-mouse Hashtag 2 BioLegend Cat# 155863; RRID:AB_2800694

TotalSeq-C0303 anti-mouse Hashtag 3 BioLegend Cat# 155865; RRID:AB_2800695

Anti-mouse CTLA-4 (UC10-4F10-11) Bio X Cell Cat# BP0032

Anti-glutathione S-transferase (PIP) Bio X Cell Cat# BE0260

Bacterial and virus strains

XL-1 Blue E.coli Daniel J. Campbell Lab N/A

Chemicals, peptides, and recombinant proteins

Liberase TM Roche Cat# 05401127001

DNase I Sigma-Aldrich Cat# D4513

Collagenase Type V Sigma-Aldrich Cat# C9263

5(6)-Carboxyfluorescein diacetate

N-succinimidyl ester

Sigma-Aldrich Cat# 21888

Enzyme-free cell dissociation buffer Sigma-Aldrich Cat# C5789

Bafilomycin A1 Sigma-Aldrich Cat# SML1661

ACK lysis buffer ThermoFisher Cat# A1049201

LPS Sigma-Aldrich Cat# L4005

Fixable Viability Dye eFluor780 ThermoFisher Cat# 65-0865-18

Streptavidin-APC BioLegend Cat# 405207

PD-1 Ig Bio-Techne Cat# 1021-PD

Critical commercial assays

CD11c MicroBeads, mouse Miltenyi Biotec Cat# 130-125-835

CD4 MicroBeads, mouse Miltenyi Biotec Cat# 130-117-043

CD4+ T cell Isolation Kit, mouse Miltenyi Biotec Cat# 130-104-454

Dynabeads mouse T cell activator ThermoFisher Cat# 11456D

Cell Stimulation Cocktail (plus protein transport

inhibitors)

ThermoFisher Cat# 00-4975-03

eBioscience Foxp3/Transcription Factor Staining

Buffer Set

ThermoFisher Cat# 00-5523-00

SMART-Seq v4 Ultra Low Input RNA Kit for

Sequencing

Takara Bio Cat# 634894

NexteraXT DNA Library Preparation Kit Illumina Cat# FC-131-1024

Library Construction Kit, 16 rxns 10x Genomics Cat# 1000190

Chromium Single Cell Mouse TCR Amplification

Kit, 16 rxns

10x Genomics Cat# 1000254

Chromium Next GEM Single Cell 50 Kit v2, 4 rxns 10x Genomics Cat# 1000265

ChromiumNext GEMChip K Single Cell Kit, 16 rxns 10x Genomics Cat# 1000287

50 Feature Barcode Kit, 16 rxns 10x Genomics Cat# 1000256

Dual Index Kit TN Set A, 96 rxn 10x Genomics Cat# 1000250

Dual Index Kit TT Set A 96 rxns 10x Genomics Cat# 1000215

NextSeq 2000 P3 Reagents (100 Cycles) Illumina Cat# 20040559

R-PE Lightning-Link Conjugation Kit AbCam Cat# AB102918

Deposited data

Bulk and single-cell RNA-sequencing data – Gene Expression Omnibus

(GEO) series GEO: GSE249482

Code used for bulk and single-cell RNA-

sequencing analyses

http://doi.org/10.5281/zenodo.13315646

Experimental models: Cell lines

Platinum-E Shivani Srivastava Lab, Fred

Hutchinson Cancer Center

N/A

NIH/3T3 Daniel J. Campbell Lab N/A

(Continued on next page)

Cell Reports 43, 114938, November 26, 2024 21

Article
ll

OPEN ACCESS

http://doi.org/10.5281/zenodo.13315646


Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

C57BL/6J Jackson Laboratory Cat# 000664

B6.SJL-Ptprca Pepcb/BoyJ Jackson Laboratory Cat# 002014

B6.129S2-Il10rbtm1Agt/J Jackson Laboratory Cat# 005027

C57BL/6-Foxp3tm1Flv/J Jackson Laboratory Cat# 008374

NOD/ShiLtJ Jackson Laboratory Cat# 001976

BALB/cJ Jackson Laboratory Cat# 000651

CD80-mCherry.Rag2�/� Lucy S.K. Walker and David M.

Sansom Labs, University College London

N/A

Recombinant DNA

pCD86-EGFP Addgene Cat# 133858

modified MSCV2.2 Daniel J. Campbell Lab N/A

Software and algorithms

FlowJo v10.8 and v10.9. Software BD Life Sciences N/A

R 4.0.3 CRAN N/A

limma_3.49.4 https://bioconductor.org/packages/

release/bioc/html/limma.html

N/A

ROAST https://bioconductor.org/packages/

release/bioc/html/limma.html

N/A

STAR v.2.4.2a https://github.com/alexdobin/STAR N/A

HTSeq 2.0.2 https://pypi.org/project/HTSeq/ N/A

Picard tools 1.134 https://github.com/broadinstitute/picard N/A

Seurat_v3 https://satijalab.org/seurat/ N/A

CellRanger https://www.10xgenomics.com/

support/software/cell-ranger/getting-

started/cr-what-is-cell-ranger#

N/A

ComplexHeatmap https://bioconductor.org/packages/

release/bioc/html/ComplexHeatmap.html

N/A

EdgeR https://bioconductor.org/packages/

release/bioc/html/edgeR.html

N/A
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice
C57BL/6 (B6), C57BL/6.CD45.1+ (JAXBoy, B6.CD45.1+), C57BL/6.CRFB4�/� (B6.Il10rb�/�) and NOD/ShiLtJ (NOD) mice were pur-

chased from The Jackson Laboratory. C57BL/6.Foxp3-mRFP (B6.Foxp3-mRFP) mice were originally purchased from The Jackson

Laboratory and bred in-house. The B6.Foxp3-mRFPmice have amonomeric red fluorescent protein (mRFP) knocked in downstream

of Foxp3. NOD mice were confirmed to be have normal blood glucose at the time of analysis. The B6, B6.CD45.1, B6.Il10rb�/�,
B6.Foxp3-mRFP, and NOD mice were maintained at the Benaroya Research Institute (BRI, Seattle, WA). Experiments were per-

formed in accordance with the guidelines of the Institutional Animal Care and Use Committee of BRI. Mice used in experiments at

BRI were between 8 and 12 weeks of age and both male and female mice were used except for NOD mice that were exclusively

female.

CD80-mCherry.Rag2�/�micewere generated and bred in-house at University College London (UCL, London, UK). CD80-mCherry

was expressed under the control of the endogenous CD80 promoter, and mice were generated on a BALB/c background (C.J.W.,

D.M.S., and L.S.K.W., unpublished data). Wild-type BALB/c mice were originally purchased from The Jackson Laboratory and bred

in-house at UCL. For experiments at UCL, mice were housed in individually ventilated cages with environmental enrichment (e.g.,

cardboard tunnels, paper houses, chewing blocks, and aspenwoodwool nestingmaterial) in a temperature- and humidity-controlled

facility with a 14-h light/10-h dark cycle and ad libitum feeding. Experimental animals were located in the middle rows of the IVC rack

to minimize the impact of differences in light exposure. All injections were carried out in the absence of anesthesia and analgesia,

typically in the morning, and mice were returned to the home cage immediately following the procedure. The first injection for in vivo

CTLA-4 transendocytosis experiments was typically between 3 p.m. and 6 p.m. The welfare of experimental animals was monitored

regularly (typically immediately post-procedure, then at least every 2–3 days) and no procedure-related adverse events were noted.
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For the majority of experiments, animals were randomly assigned into treatment groups after being matched for age and no blinding

was used. No data points were excluded. The number of replicates is provided in the figure legend. Animal work at UCL was per-

formed in accordance with the relevant Home Office regulations following institutional ethical approval (University College London

Animal Welfare Ethical Review Body). Mice used at UCL were both male and female and between 12 and 14 weeks of age.

METHOD DETAILS

Mouse treatments
The development of the murine Fc.IL-2 mutein (Fc.Mut24) and Fc.WT IL-2 was previously described.9 These molecules were pro-

duced and purified by Olympic Protein Technologies (Seattle, WA). Purified Fc.Mut24 and Fc.WT contained less than 15 endotoxin

units (EU)/mL. For all experiments, 10 mg of Fc.WT or Fc.Mut24 was administered via intraperitoneal injection. LPS (Escherichia coli

O55:B5) was administered to mice (2.5mg/mouse) by intraperitoneal injection. For blocking CTLA-4 in vivo, 750 mg of anti-CTLA-4

antibody clone UC10-4F10-11 (Bio X Cell) or hamster IgG isotype control antibody (clone PIP, Bio X Cell) was administered via intra-

venous injection on Day 2 after PBS or Fc.Mut24 treatment.

Single-cell RNA-seq of Foxp3+ TR cells
CD4+ T cells from the spleen of Foxp3-mRFPmice were enriched using a CD4 negative selection kit (Miltenyi Biotec) according to the

manufacturer’s protocol. Enriched CD4+ T cells were stained with viability dye and labeled with anti-mouse CD16/32 (Biolegend).

Samples were stained with TotalSeq-C anti-mouse hashtag antibodies (Biolegend), and 1 x 105 CD4+ Foxp3+ TR per sample

were sorted (FACS Aria II, Becton Dickinson) into RPMI-10. Samples were pooled in groups of 3 for a total of four pooled samples

(n = 12). Lineage antibodies to exclude populations during sorting included those targeting CD8 (cytotoxic T cells), CD19 (B cells),

GR-1 (neutrophils), and NK1.1 (NK cells). A single cell suspension from each pooled sample was loaded in a single channel of the

10x Chromium Controller (10X Genomics). Sequencing libraries were generated using the NextGEM Single Cell 50 Kit v2 kit. Gene

expression, mouse TCR, and feature barcoding libraries were pooled and treated with Illumina Free Adapter Blocking Reagent (Illu-

mina). Sequencing of pooled libraries was carried out on a NextSeq 2000 sequencer (Illumina), using two NextSeq P3 flowcells (Illu-

mina) with the aim of capturing 1.5 x 104 cells per pooled sample and a target sequencing depth of 30,000/reads per cell.

Demultiplexing and alignment of single-cell RNA-seq data
Cell Ranger (version 6.1.1, 10x Genomics) mkfastq was used to demultiplex and produce raw fastq files for downstream analyses.

Cell Ranger multi was used to align per-pool reads against the reference mouse transcriptome (mm10), in addition to barcoded hash

tags, Cell Ranger vdj was called to assign TCR reads to cells. All three assays were aggregated across the four pools using Cell-

Ranger aggr to produce raw count matrices for downstream analyses. Cells containing fewer than 500 genes were removed from

this matrix, as well as any cell exceeding 4,500 features, with 12.5% and 5% of genes assigned to mitochondria and hemeglobin

genes, respectively. Expression data of all assays were normalized (RNA: log-norm) and scaled to produce final matrices for down-

stream analyses.

Analysis of single-cell RNA-seq data
Principal component analysis (PCA) of RNA expression was performed in Seurat 2.91 The top 30 PCs from RNA were reduced into

UMAP space for visualization, followed by Louvain clustering in Seurat for cluster assignment. Top genes for all clusters and cell iden-

tities reported in this study were calculated by Wilcoxon rank sum tests within Seurat to identify all genes with p < .05. The average

expression of these genes across clusters was determined by averageExpression in Seurat, followed by scaling to convert to

z-scores. Heatmaps of these z-scores were produced via the package ComplexHeatmap. Gene module scores for modules of in-

terest were assigned via addModuleScore within Seurat, and cells were manually gated based on module scores into high- and

low-scoring cells in order to produce violin plots. All plots were produced using ggplot2. All statistical analyses were performed in

R version 4.2.1.

Tissue preparation for flow cytometry and cDC sorting
To isolate T cells from B6 mice, spleen samples were mashed through 70-mm strainers into RPMI 1640 plus 10% FBS (RPMI-10). To

isolate CD11c+ cells from B6 mice, minced whole spleens were digested in basal RPMI 1640 supplemented with 25 mg/ml Liberase

TM (Roche) and 25 mg/ml DNase I (Sigma-Aldrich) for 20min under agitation at 37�C. Erythrocytes were lysed in ACK lysis buffer, and

the remaining cells were washed with RPMI-10. CD11c+ cells were enriched using CD11c MicroBeads (Miltenyi Biotec) according to

the manufacturer’s protocol. To isolate T cells and CD11c+ cells from non-obese diabetic (NOD) mice, minced whole spleens and

pancreatic lymph nodes (pancLN) were digested in basal RPMI 1640 supplemented with 25 mg/ml Liberase TM (Roche) and

25 mg/ml DNase I for 20min under agitation at 37�C. Erythrocytes were lysed in ACK lysis buffer for spleen samples. Minced pancreas

samples from NOD mice were digested in RPMI-10 supplemented with 5 mg/mL Collagenase Type V (Sigma) and 10 mg/ml DNase I

followed by incubation in enzyme-free cell dissociation buffer (Sigma) for 5–10min at room temperature. CD11c+ cells were enriched

from the spleen and pancreas, but not pancLN samples of NOD mice, using CD11c MicroBeads (Miltenyi Biotec) according to the

manufacturer’s protocol.
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Flow cytometry
For flow cytometric analysis, cells were stained with anti-mouse CD16/32 (Biolegend) for 10 min at 4�C to block nonspecific binding

to Fc receptors, followed by cell surface staining in FACS buffer (PBS-2% BCS) for 20–30 min at 4�C. For staining CD11c+ samples,

lineage antibodies included those targeting CD5 (T cells), CD19 (B cells), GR-1 (neutrophils), and NK1.1 (NK cells). To assess PD-1

binding, mouse PD-1-Fc fusion protein (Bio-Techne) was PE-labeled using the R-PE Lightning-Link kit (AbCAM) according to the

manufacturer’s instructions and used to in the surface staining step to label CD11c+ enriched cells in standard FACS buffer. For intra-

cellular antigens, cells were fixed and permeabilized using the Foxp3/Transcription Factor Staining Buffer Set (eBioscience), followed

by staining in permeabilization buffer for 20 min at room temperature. Before fixation, dead cells were labeled using Fixable Viability

Dye eFluor780 (ThermoFisher). For measuring IL-10 expression, intracellular staining was performed for 2 h at 4�C after stimulation

for 2 h with PMA/Ionomycin Cell Stimulation Cocktail containing protein transport inhibitors (ThermoFisher). Data were acquired on

an Aurora (Cytek Biosciences) or Symphony (BD Biosciences) flow cytometer and analyzed with FlowJo (FlowJo LLC). Counting

beads were added to samples to quantify cell numbers.

In vitro suppression assay
CD44loCD62Lhi cTR, CD44

hiCD62Lhi ceTR, and CD44hiCD62Llo eTR were sorted from the spleens for B6.Foxp3-mRFP mice treated

3 days previously with 10ug Fc.Mut24. CD4+Foxp3-mRFP� Tconv were sorted from the spleens of untreated B6.Foxp3-mRFP mice,

and subsequently labeled with 1mMcarboxyfluorescein succinimidyl ester (CFSE, Sigma-Aldrich) at 37�C for 10m. Each of the sorted

TR populations was then co-cultured in triplicate with 4x104 CFSE-labeled Tconv cells at the indicated ratios in a round-bottom 96well

plate and stimulated with 1x104 mouse T-activator anti-CD3/anti-CD28 Dynabeads (ThermoFisher) for 3 days. Cells were harvested

and expression of CD44 and CFSE dilution by gated Foxp3-mRFP- Tconv cells was analyzed by flow cytometry. % suppression for

cell proliferation and CD44 expression was calculated as:

((Response in absence of TR - Response with TR)/Response in absence of TR) *100.
Bulk RNA-seq of cDCs
300 cells per population were sorted (FACS Aria II, Becton Dickinson) into lysis buffer, and cDNA was prepared using the SMART-

Seq Ultra Low Input RNA Kit for Sequencing (Takara Bio). RNA-seq libraries were constructed using the NexteraXT DNA Library

Preparation Kit (Illumina) with half the recommended volumes and reagents. Paired-end sequencing of pooled libraries was run on

a NextSeq 2000 (Illumina) with 59-base reads and a target depth of 5 million reads per sample. After the run, base-calling and

demultiplexing were performed automatically on BaseSpace (Illumina) to generate FASTQ files. The FASTQs were aligned to

the University of California Santa Cruz (UCSC) Human Genome assembly version 19, using STAR v.2.4.2a, and gene counts

were generated using htseq-count. QC and metrics analysis was performed using the Picard family of tools (v1.134). To detect

differentially expressed genes between cell populations, the RNA-seq analysis functionality of the linear models for microarray

data (Limma) R package was used, and the ROAST method within the Limma R package was used to perform gene set enrich-

ment analysis.92,93 Expression counts were normalized using the TMM algorithm.94 A false discovery rate adjustment was applied

to correct for multiple testing.

Ex vivo CTLA-4 cycling
Splenocytes from B6 mice were labeled with Allophycocyanin (APC)-conjugated anti-CTLA-4 antibody for 30 min at 4�C to detect

surface CTLA-4, for 2 h at 37�C to detect cycling CTLA-4, or after fixation and permeabilization to detect total CTLA-4. The surface

CTLA-4 and cycling CTLA-4 samples were washed with FACS buffer, and secondary staining was performed with biotinylated anti-

APC antibody for 20 min at 4�C, followed by tertiary staining with Streptavidin-APC for 20 min at 4�C. The signal amplification

approach was used to enhance the detection of CTLA-4 antigen, which is poorly expressed on the cell surface.

Ex vivo CTLA-4 transendocytosis
Human CD86 C-terminally tagged with enhanced GFP (pCD86-EGFP, Addgene) was sub-cloned into a modified version of the

MSCV2.2 retroviral plasmid in which the IRES-GFP cassette was removed. This plasmid was transfected into Plat-E packaging cells

to produce retrovirus that was used to transduce NIH/3T3 fibroblasts. The resultant NIH/3T3 transfectants were sorted (FACS Aria

Fusion, Becton Dickinson) for uniform GFP expression. CD4+ T cells from the spleen of B6 mice were enriched using CD4

MicroBeads (Miltenyi Biotec) according to the manufacturer’s protocol. Enriched CD4+ T cells were co-cultured with CD86-GFP ex-

pressing NIH/3T3 cells at a 1:1 ratio for 2 h at 37�C.Where indicated, 100 mg/mL of anti-CTLA-4 antibody (clone UC10-4F10-11, Bio X

Cell) or 25 nM Bafilomycin A1 (Sigma-Aldrich) was added to the culture. After incubation, NIH/3T3 cells remained adherent while

CD4+ T cells were removed, stained, and analyzed by flow cytometry.

In vivo CTLA-4 transendocytosis
CD80-mCherry.Rag2�/� mice (12–14 weeks old, male and female) were injected intravenously on Day 0 with 8x106 CD4+ T cells pu-

rified from wild-type BALB/c lymph nodes. 500 mg of anti-CTLA-4 antibody (clone UC10-4F10-11, BioXCell) or hamster IgG isotype
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control antibody (clone PIP, Bio X Cell) was administered via intraperitoneal injection on days 0, 3, and 6. PBS or Fc.Mut24 was also

administered via intraperitoneal injection on Day 3. Splenocytes were analyzed by flow cytometry on day 7.

Construction of mixed bone marrow chimeras
Recipient B6.CD45.1+ mice were irradiated with a split dose of 1200rad (2 3 600rad, separated by 4h) and given 5x106 total bone

marrow cells harvested from B6.CD45.1+ (90%) and B6.Il10rb�/� (10%) donors. Mixed bone marrow chimeras were allowed to

reconstitute all leukocyte subsets for 9 weeks before use.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad Prism version 9.When comparing two groups, p values were calculated by two-

tailed Student’s t-tests, while multiple t-tests were used for comparing more than two groups. For multiple t-tests, the discovery was

determined using the two-stage step-up method of Benjamini, Krieger, and Yekutieli, with Q = 1%. No formal sample size calcula-

tions were performed, and data distribution was assumed normal but not formally tested. The sample size, p values, number of rep-

licates, and statistical tests used in each experiment are listed in the figure legends. In animal experiments, the experimental unit is an

individual mouse.
Cell Reports 43, 114938, November 26, 2024 25



Cell Reports, Volume 43
Supplemental information
An IL-2 mutein increases regulatory T cell

suppression of dendritic cells via IL-10

and CTLA-4 to promote T cell anergy

Braxton L. Jamison, Matthew Lawrance, Chun Jing Wang, Hannah A. DeBerg, Lauren J.
Ziegler, David M. Sansom, Marc A. Gavin, Lucy S.K. Walker, and Daniel J. Campbell



 
Figure S1. Fc.Mut24 does not impact Foxp3+ TR cell clonal expansion, related to Figure 1.  

Splenocytes from C57BL/6 Foxp3-mRFP treated with PBS, Fc.WT, or Fc.Mut24 were harvested 3 days 

later and sorted to obtain CD4+ Foxp3+ regulatory T (TR) cells for single-cell RNA-seq (scRNA-seq). A. 

Heat map showing the mean expression (z-score) of representative transcription factor genes (rows) 

for each cluster (columns). B&C.  Bar graphs showing the number of cells identified for each of the top 

twenty TR clonotypes colored by cluster (B) or treatment group (C).  



 
Figure S2. Fc.Mut24-expanded cTR, ceTR and eTR are highly suppressive, related to Figure 2. 

cTR, ceTR or eTR were sorted from the spleens of B6.Foxp3-mRPF mice  treated with Fc.Mut24 3 days 

previously (gated as in Figure 2), and their ability to suppress activation-induced proliferation and 

upregulation of CD44 by CFSE-labeled and sorted Foxp3-mRFP-negative Tconv was assessed.  A. 

Representative flow cytometric analysis of cell proliferation (based on CFSE-dilution) and CD44 

expression by gated Teff cells activated alone or mixed in a 1:4 TR:Tconv ratio with the indicated 

population of sorted TR. B. Analysis of %Suppression of Tconv proliferation and CD44 upregulation by 

each of the sorted TR populations as indicated. No statistical significance was observed in the ability of 

any of the TR populations to suppress either proliferation or CD44 upregulation by one-way ANOVA with 

Tukey’s multiple comparison test. 

 



 
Figure S3. Fc.Mut24 increases the expression of genes involved in CTLA-4 trafficking and 

recycling in Foxp3+ TR cells, related to Figure 3. Splenocytes from C57BL/6 Foxp3-mRFP treated 

with PBS, Fc.WT, or Fc.Mut24 were harvested 3 days later and sorted to obtain CD4+ Foxp3+ regulatory 

T (TR) cells for single-cell RNA-seq (scRNA-seq). Violin plots showing normalized expression for the 

indicated genes involved in CTLA-4 trafficking to the cell surface (A) or endosomal recycling of CTLA-

4 (B).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Figure S4. Fc.Mut24 increases CTLA-4-dependent transendocytosis by different Foxp3+ TR cell 

populations, related to Figure 4. A. Capture of CD86-GFP by CD44lo CD62Lhi central TR (cTR), CD44hi 

CD62Lhi central effector TR (ceTR), and CD44hi CD62Llo effector TR (eTR) cells between different 

treatment groups. See Figure 4A for the experimental design schematic. Representative flow cytometry 

plots are shown. B. Graph shows mean  SD with individual data points (n = 7); ****P ≤ 0.0001, multiple 

unpaired t-tests. Data are representative of 2-3 independent experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Figure S5. Fc.Mut24 expands cDC1s in C57BL/6 mice, related to Figure 5. A. Representative gating 

strategy for CD11c+MHC II+33D1- CD8+ cDC1 and CD11c+MHC II+33D1+ cDC2. B. Percentage and 

number of cDC1 and cDC2 between different treatment groups. See Figure 5A for the experimental 

design schematic. Graphs show mean  SD with individual data points (n = 7 to 10); *P ≤ 0.05, **P ≤ 

0.01, ***P ≤ 0.001, multiple unpaired t-tests. Ctrl, Control. Data are representative of 2-3 independent 

experiments. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Figure S6. Expression of known identity markers in dendritic cells after Fc.Mut24 treatment, 
related to Figure 5. Unstimulated (Ctrl) or LPS-stimulated splenocytes from C57BL/6 mice treated with 
PBS or Fc.Mut24 were harvested 4 days post-treatment and sorted to obtain cDC1 or cDC2 populations 
for bulk RNA-seq. See Figure 5A for the experimental design schematic. A. Heatmap showing the mean 
expression (z-score) of select genes differentially expressed between cDC1 and cDC2 for all treatment 
groups.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
Figure S7. Impact of Fc.Mut24 treatment of the LPS-mediated transcriptional response in 
dendritic cells, related to Figure 5. Unstimulated (Ctrl) or LPS-stimulated splenocytes from C57BL/6 
mice treated with PBS or Fc.Mut24 were harvested 4 days post-treatment and sorted to obtain cDC1 
or cDC2 populations for bulk RNA-seq. See Figure 5A for the experimental design schematic. A. 
Principal component analysis of global transcriptional signatures from indicated cell types and 
treatment groups. B. Heatmap showing the mean expression (z-score) of all genes differentially 
expressed between LPS and Ctrl samples in cDC1 and cDC2 (FDR < 0.01, Log2 fold-change > 1). In 
cDC1s, a subset of genes (red rectangle) have diminished LPS-mediated upregulation in the presence 
of Fc.Mut24. C. Gene set enrichment analysis of cDC1s showing that the Hallmark TNFA Signaling via 
NFKB pathway is enriched in PBS/LPS relative to Fc.Mut24/LPS samples (FDR = 0.005). D. Volcano 
plot of cDC1s comparing Fc.Mut24 treatment versus PBS with the top ten differentially expressed genes 

by FDR (gray) and select NFB-regulated genes (black) highlighted. E. Violin plots of cDC1s showing 
Log2 normalized counts for select genes: Cd80, Cd86, CD40, H2-Ab1 (I-Ab beta chain), and H2-Aa (I-
Ab alpha chain). 



 
 

 
Figure S8. The anti-CTLA-4 antibody 4F10 does not cause Foxp3+ TR cell depletion during 
Fc.Mut24 treatment, related to Figure 5. Splenocytes from C57BL/6 mice treated with PBS or 
Fc.Mut24 followed by isotype or anti-CTLA-4 antibody and LPS stimulation were analyzed by flow 

cytometry.  Gates were set on live, CD4+ cells. A&B. Graphs show mean  SD with individual data 
points (n = 7); *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001, multiple unpaired t-tests. Data are 
representative of 2-3 independent experiments. B. Gates were set on CD25+ Foxp3+ TR for analysis of 
the expression of indicated TR activation markers. 
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Figure S9. Fc.Mut24 treatment enhances PD-1 binding to splenic DCs, related to Figure 5. Splenic 
DCs (gated as in Fig. S5) from C57BL/6 mice treated with PBS, Fc.Mut24, or Fc.Mut24 + anti-CTLA-4 
antibody followed by LPS were analyzed by flow cytometry.  A. Representative flow cytometry plots 

showing CD80 expression and PD-1 binding by gated cDC1 and cDC2.  B. Graphs show mean  SD 
with individual data points in each group as indicated (n = 3-5 mice/group); *P ≤ 0.05, **P ≤ 0.01, ***P 
≤ 0.001, by one-way ANOVA with Tukey’s multiple comparison test. Data are representative of 2 
independent experiments.  



 
 
 
 
 
 
 
 
 
 

 
Figure S10. Fc.Mut24 increases March1 gene expression in cDC1s from C57BL/6 mice, related 
to Figure 6. Unstimulated (Ctrl) or LPS-stimulated splenocytes from C57BL/6 mice treated with PBS 
or Fc.Mut24 were harvested 4 days post-treatment and sorted to obtain cDC1 or cDC2 populations for 
bulk RNA-seq. See Figure 5A for the experimental design schematic A. Violin plots showing Log2 
normalized counts for March1 gene expression between treatment groups.  
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Figure S11. Fc.Mut24 promotes Foxp3+ TR cell activation in NOD mice, related to Figure 7. The 
spleen, pancreatic lymph node (PancLN), and pancreas of 8-10-week-old female non-obese diabetic 
(NOD) mice treated with PBS or Fc.Mut24 were harvested 4 days later and analyzed by flow cytometry. 
Gates were set on live, CD45+, CD4+ cells. Percentage, number, and proliferation (Ki-67+) of Foxp3+ 

TR cells (A) and expression of indicated TR activation markers (B). A&B. All graphs show mean  SD 
with individual data points (n = 6 to 9); *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001, multiple 
unpaired t-tests. Data are representative of 2-3 independent experiments.  
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Figure S12. Fc.Mut24 expands cDC1s in NOD mice, related to Figure 7. The spleen, pancreas, and 
pancreatic lymph node (PancLN) of 8-10-week-old female non-obese diabetic (NOD) mice treated with 
PBS or Fc.Mut24 were harvested 4 days later and analyzed by flow cytometry. A. Representative gating 
strategy for the CD11c+ MHC II+ antigen-presenting cell subsets in different tissues. B. Percentage and 

number of different subsets of CD11c+ MHC II+ antigen-presenting cells. Graphs show mean  SD with 
individual data points (n = 6 to 8); *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001, multiple unpaired 
t-tests. Data are representative of 2-3 independent experiments. 
  



 
 
 

 
 
Figure S13. CD73 expression is transiently upregulated by CD4+ and CD8+ effector T cells after 
Fc.Mut24 treatment of NOD mice, related to Figure 7. T cells from the pancLN of NOD mice treated 
with either PBS (black symbols) or Fc.Mut24 (red symbols) were analyzed by flow cytometry.  A. 
Frequency of Foxp3+ TR among total CD4+ T cells at the indicated times after treatment.  B. Frequency 
of CD73+ cells among CD4+Foxp3+, CD4+Foxp3-CD44hi, and CD8+CD44hi populations at the indicated 
times after treatment.  *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001, one-way ANOVA with Tukey’s 
multiple comparison test.  Data are from 1 experiment. 
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