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Abstract
Expression of MHC class I molecules, which provide immune surveillance against intracellular
pathogens, is higher on lymphoid cells than on any other cell types. In T cells, this is a result of
activation of class I transcription by the T cell enhanceosome consisting of Runx1, CBFβ and
LEF1. We now report that MHC class I transcription in T cells also is enhanced by Foxp3,
resulting in higher levels of class I in CD4+CD25+ T regulatory cells than in conventional
CD4+CD25− T cells. Interestingly, the effect of Foxp3 regulation of MHC class I transcription is
cell-type specific: Foxp3 increases MHC class I expression in T cells but represses it in epithelial
tumor cells. In both cell types, Foxp3 targets the upstream IRE and downstream core promoter of
the class I gene. Importantly, expression of MHC class I contributes to the function of
CD4+CD25+ T regulatory cells by enhancing immune suppression, both in in vitro and in vivo.
These findings identify MHC class I genes as direct targets of Foxp3 whose expression augments
regulatory T cell function.

Introduction
Major histocompatibility class I molecules function to provide immune surveillance against
intracellular pathogens. In the mature immune system, presentation of foreign peptides by
class I molecules regulates both innate and adaptive immunity, by inhibiting non-specific
NK responses and triggering specific CTL responses, respectively. During development,
MHC class I expression on non-hematopoietic thymic epithelial cells is essential for the
maturation and survival of CD8+ T cells. Although originally thought to be passive receptors
of intracellularly derived peptides, emerging evidence reveals that maintenance of
homeostatic levels of MHC class I is critical for a functional immune response (1–4).

MHC class I molecules are ubiquitously expressed in somatic cells, although at different
levels in different cell types, and their expression is dynamically regulated by hormones and
cytokines. Lymphoid cells express the highest levels of class I, whereas neurons express
two-orders of magnitude less. MHC class I expression is controlled transcriptionally by the
interaction of tissue-specific transcription factors with cognate DNA sequence elements on
the extended class I promoter. The DNA sequence elements that mediate class I regulation
have been mapped to distinct domains that mediate tissue specific and hormone specific
signals (3, 5–7). Transcription initiates at multiple sites within the core promoter, which
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integrates upstream signals targeting distinct transcription starts in response to tissue specific
or dynamic signals (5, 6).

A variety of DNA-binding transcription factors have been identified that interact either
directly or indirectly with tissue specific and hormone specific regulatory elements. For
example, a B lymphocyte-specific enhanceosome consisting of the coactivator CIITA and
DNA-bound transcription factors RFX, CREB/ATF and NF-Y leads to high cell surface
class I and II expression in B cells (8–11). In T cells, the constitutive high level expression
of class I is not due to CIITA but is established by a T cell enhanceosome consisting of
RUNX1, CBFβ and LEF1 (12). Whether additional factors in the different T cell subsets
superimpose on the T cell enhanceosome to differentially regulate MHC class I expression
has not been examined previously.

In the present study, we have examined the regulation of MHC class I expression in T cell
subsets. We report that class I levels in CD4+CD25+ T regulatory cells are consistently
higher than in either conventional CD4+ T effector cells or CD8+ T cells as a result of
Foxp3-mediated transcriptional activation. Importantly, these elevated levels of class I
contribute to efficient Treg suppressive function. Surprisingly, Foxp3 affects MHC class I
transcription differently in different cell types as it represses class I transcription in epithelial
tumor cells. Thus, these studies show that Foxp3 is an active, context-dependent regulator of
MHC class I expression and function.

Materials and Methods
Animals

β2m−/− and β2m−/−RAG2−/−mice were bred in the NCI CCR animal colony. PD1 transgenic
mice and Foxp3 transgenic mice (A10 and T3) have been described previously (13, 14). The
PD1 drop-out transgenic mouse was generated in the NCI core facility by microinjection of
a genomic clone of PD1 from which −50bp to +3 bp of promoter sequences were deleted.
B6 (CD45.2) mice were purchased from The Jackson Laboratory (Bar Harbor, ME), and B6
(CD45.1) mice were obtained from the Frederick Cancer Research Center (Frederick, MD).
All mice were cared for in accordance with National Institutes of Health guidelines.

Reagents for flow cytometry and protein immunoblotting
mAbs with the following specificities were used in this study: CD4 (RM4.5 and GK1.5),
CD25 (PC61 and 7D4), H-2Kb (AF6-88.5), H-2Db (28-14-8), H-2Kd (SF1-1.1), H-2Dd (34–
2–12), CD45.1 (A20), CD45.2 (104), CD45RB (16A), CD152 (CTLA-4; UC10-4F10-11) all
obtained from BD Biosciences (San Diego, CA); PD1 and HLA class I (PT85A with
specificity for both porcine and human MHC class I, but not mouse MHC class I) from
VMRD (Pullman, WA) and Foxp3 (FJK-16s) obtained from eBioscience (San Diego, CA).
Stained cells were analyzed on a BD LSR flow cytometer (Becton Dickinson). Where
indicated, fluorescence was quantified and expressed as mean fluorescent intensity (MFI).
Antibodies with the following specificities were used for protein immunoblotting: FLAG
from Sigma (St. Louis, MO); and HSP60 from Santa Cruz (Santa Cruz, CA). Total cell
lysates from transfected HeLa or Jurkat cells were resolved by SDS-PAGE followed by
blotting.

Cells lines and cultivation
HeLa epithelial cells were grown in DMEM supplemented with 10% FBS, 2 mM L-
glutamine, 20 mM HEPES (pH 7.2), and gentamicin sulfate (10ng/ml). Jurkat (T cell) line
was maintained in RPMI 1640 supplemented with 10% FBS, 2 mM L-glutamine, 55 µM 2-
ME, 100 µM minimal essential amino acids, 1 mM sodium pyruvate, and gentamicin sulfate
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(10 ng/ml). MCF-7 human breast adenocarcinoma cells were grown in EMEM
supplemented with 10% FBS, 0.1mM non-essential amino acids, 10µg/ml Insulin and 1mM
Sodium pyruvate. All Cell lines were maintained in a humidified, 7.5% CO2 incubator at
37°C.

Plasmids and cloning strategies
The MHC class I promoter construct used in these studies derived from the swine class I
gene PD1 (13, 15). −416LUC was generated by ligating class I promoter sequences,
extending from the 5’ XbaI site to the HindIII site at position −14 of −416WT (12), into the
NheI/HindIII sites of the pGL2B luciferase expression vector (Promega). The PD1 promoter
truncation series, ligated to the luciferase reporter, were previously described (12). Drop-out
constructs were previously described (16). The IRE mutant was generated by replacing the
wild-type IFN responding element “TTTCAC” with “TCTCGC” (Stratagene).

Luciferase reporter assay
For HeLa or MCF-7 cell transfection, 2×105 Hela cells or MCF-7 cells were seeded 1 day
before transfection to reach 80% confluency and were cotransfected with Foxp3 and various
PD1 luciferase reporter constructs together with a control plasmid construct, either pRL-TK
renilla or GFP construct. For Jurkat cell transfection, 2×106 Jurkat cells were cotransfected
with Foxp3 and PD1 luciferase reporter constructs together with a control plasmid construct,
either pRL-TK renilla or GFP construct. Cells were harvested 24 h after transfection and
analyzed with a Dual Assay Reporter Kit (Promega). Where indicated, RUNX1 cDNA was
cotransfected with the Foxp3 and PD1 luciferase reporter constructs into Hela or MCF-7
cells. Data were analyzed by comparing luciferase activity to renilla activity or GFP and
adjusted to the fold increase over background.

Quantitative RT-PCR
RNA was purified from the indicated FACS sorted cell types with the RNeasy MiniKit
(Qiagen) and reverse transcribed to cDNA, using a SuperScript III Kit (Invitrogen). Relative
quantities of mRNA expression were analyzed using real-time PCR (Applied Biosystems
ABI Prism 7700 Sequence Detection System, Applied Biosystems), with SYBR (Qiagen)
green fluorescence dye. The primer sequences for MHC class I: 5’-
CTTGCTCTGGTTGTAGTAGC -3’ and 5’- ATGGAAGTCGGCTACGTGGAC -3’; for
CTLA-4: 5’- TCTGAAGCCATACAGGTGACCC -3’ and 5’-
CATAAATCTGCGTCCCGTTGC -3’; for TGF-β: 5’- TGGAGCAACATGTGGAACTC
-3’ and 5’- GTCAGCAGCCGGTTACCA -3’; and for IL-10: 5’-
AGAGCAAGGCAGTGGAGCAG -3’ and 5’- GGGATGACAGTAGGGGAACC -3’.
Relative transcript abundance was determined by using the ΔCt method after normalization
with 18S (Ambion Inc, TX ). Amplification of beta-2-microglobulin products was achieved
using TaqMan probes (Mm00437762_m1), and relative transcript abundance was
normalized with RPL13A (Mm01612986_gH).

Cell preparations
CD4+ lymph node T (LNT) cells with a purity of >97% were obtained by antibody mediated
magnetic bead depletion and further fractionated into CD4+CD25+, CD4+CD25− and
CD4+CD45RBhi T cell populations with a purity >99% by electronic cell sorting.

In vitro functional assays
For anti-TCR induced T cell proliferation, responder T cells (3–5 × 104/well) were placed in
96-well round bottom plates (0.2 ml) together with irradiated T cell-depleted B6 spleen cells
(2000R) as accessory cells (APC) and stimulated with anti-CD3 mAb (1µg/ml) and/or rIL-2
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(200U/ml) for 72h. For in vitro suppression assays, CD4+CD25− responder T cells (3–5 ×
104/well) were cultured with an equal number of CD4+CD25+ T cells, APC, and anti-CD3
mAb (1µg/ml) for 72h. Where indicated, cultures were pulsed with [3H]-thymidine 8h prior
to harvest. Alternatively, CFSE-labeled CD4+CD25− responder T cells were cocultured with
CD4+CD25+ and APCs (which expressed a different CD45 allele from the Tconv cells) and
stimulated with anti-CD3 (1 µg/mL) for 72 hours. At the end of culture, CFSE fluorescence
of the responder T cells was determined.

T cell reconstitution and in vivo induction of inflammatory bowl disease (IBD)
β2m−/−RAG2−/− mice were injected i.v. with 4×105 purified CD4+CD45RBhigh T cells either
alone or in combination with 4×105 CD4+CD25+ T cells from the indicated sources.
Following T cell transfer, mice were weighed weekly and monitored for clinical signs of
diarrhea.

Intracellular staining
To detect intracellular CTLA-4 and Foxp3, thymocytes and purified LN cells were surface
stained with anti-CD4, anti-CD8 and anti-CD25, fixed and then stained for CTLA-4 and
Foxp3.

Analysis of Chip-Seq data
SRA files were obtained from GEO Series Accession GSE40684 (http://
www.ncbi.nlm.nih.gov/geo/) (17). Sequence reads were aligned to the UCSC mm9 genome
using Bowtie (v1.1.2) (18) using default parameters allowing for 2 mismatches (−m 1 −v2).
Peak calling was performed using MACSv1.4 (19) with default parameters (1.86E8 effective
genome size, tag size 26bp, band width 300). A p value of 1e-05 was used for peak detection
compared to input. Histogram distribution of sequence tag reads were visualized using
Integrative Genomics Viewer (Version 2.0).

Results
Cell surface expression of MHC class I is higher on CD4+CD25+ T regulatory cells than on
conventional CD4+ T cells

To examine the possibility that MHC class I expression is differentially regulated in
different T cell subsets, we first compared cell-surface class I levels on CD4+ and CD8+

cells in the thymus and lymph nodes (Figure 1A, lower panel). There was no difference in
class I in either the thymus or lymph nodes between CD4+ and CD8+ cells. To further
characterize class I expression among CD4+ cells, we asked whether CD4+CD25+ T
regulatory cells (Tregs) differed in their MHC class I expression from conventional
CD4+CD25− T cells (Tconv). Surprisingly, we found that cell surface H-2Kb protein levels
on both thymic and peripheral Tregs were approximately 2-fold higher than on Tconv cells
(Figure 1A, upper panels). The elevated class I cell surface expression on Tregs, relative to
CD4+ Tconv cells, was reflected in the amount of total class I protein (Figure 1B, right). To
determine if regulation of MHC class I in Tregs is pre-translational, we compared MHC
class I RNA levels in CD4+ Tregs and Tconv cells (Figure 1B, left). Consistent with the cell
surface protein expression, MHC class I RNA levels were significantly higher in CD4+

Tregs than CD4+ Tconv.

To assess the mechanisms that result in elevated MHC class I expression in Tregs, we first
asked if increased expression was intrinsic to the MHC class I gene or an indirect positional
effect linked to overall regulation of H-2 locus. To distinguish these two possibilities, we
examined the expression in Tregs of an exogenous MHC class I transgene (PD1) that is not

Mu et al. Page 4

J Immunol. Author manuscript; available in PMC 2015 March 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/


linked to the H-2 locus but whose pattern of expression fully recapitulates that of
endogenous MHC class I genes (13). We reasoned if the elevated H-2 class I levels in Tregs
result from a direct effect, expression of the PD1 transgene also would be increased in
Tregs. Indeed, both thymic and peripheral CD4+ Tregs expressed higher levels of both
surface PD1 and H-2Kb than did CD4+Tconv cells (Figure 1C). Thus, increased class I
expression is independent of chromosomal location, consistent with a direct effect on the
MHC class I gene in Tregs. Furthermore, CD4+ T regs also express higher levels of
β2microglobulin RNA than conventional CD4+ T cells (Supplementary Figure 1).
Interestingly, Tregs from β2m-heterozygous mice express nearly wild-type levels of H-2Kb

(Supplementary Figure 1.) Since Tregs differ from Tconv cells in their expression of Foxp3,
we next considered the possibility that the elevated MHC class I expression in Tregs was
mediated by Foxp3.

Over-expression of Foxp3 correlates with increased MHC class I expression
To determine whether elevated MHC class I expression was due to Foxp3, we examined
surface MHC class I levels on immature DP thymocytes from two lines of transgenic Foxp3
mice that both express transgenic Foxp3 protein but at different levels (14). Immature DP
thymocytes from wild type mice do not express Foxp3 protein and expressed the low levels
of surface class I that are normally observed on DP thymocytes (Figure 1D). In contrast, DP
thymocytes from the Foxp3 transgenic mice express high levels of Foxp3 protein (Figure
1D, upper panels). Importantly, cell surface H-2Kb class I levels were directly proportional
to the amount of Foxp3 protein (Figure 1D, lower panels). Thus, DP thymocytes from the
A10 transgenic line, which contain higher levels of Foxp3 than the T3 line, also expressed
about two-fold higher levels of class I. Importantly, MHC class I expression also correlated
with endogenous Foxp3 protein levels. Among Foxp3-expressing CD4+SP cells, class I
levels were higher on the subset of Foxp3-high positive cells, relative to the Foxp3-low
subset (Figure 1E). MHC class I expression also was increased on newly generated Foxp3+

Tregs compared with that on CD4+CD25+Foxp3− Treg precursors in the same culture
following in vitro induction with IL2 (data not shown). Thus, class I expression is directly
correlated with Foxp3 protein levels and increased in a dose-dependent manner with Foxp3.
Taken together, these results demonstrate a direct correlation between Foxp3 protein levels
and class I expression in Tregs.

The increased class I expression on Tregs, relative to conventional CD4+ T cells, is not
restricted to H-2Kb as H-2Db is also elevated on Tregs. Similarly, Tregs from BALB/c mice
also have increased H-2Kd and H-2Dd surface expression (Fig. 1F)

Foxp3 enhances MHC class I promoter activity in Jurkat T cells
Since only Tregs contain Foxp3 protein, we next asked whether introduction of Foxp3 into
any T cell would result in increased class I expression. Indeed, transient transfection of a
Foxp3 expression vector into Jurkat T cells, which express the components of the T cell
enhanceosome (TCE) and other T cell specific transcription factors, such as NFAT (12),
resulted in increased cell surface expression of HLA class I (Table I). Furthermore, transient
cotransfection of the Foxp3 expression vector with a class I promoter reporter construct
enhanced class I promoter activity (Figure 2A). Although modest, the effect was significant
and reproducible and was within the range of increase that is observed on Tregs in vivo.
Therefore, the enhanced class I expression in Tregs is transcriptional and a function of
Foxp3.

Since Foxp3 activated the class I promoter construct in transfected Jurkat T cells, we next
mapped the DNA sequence element(s) targeted by Foxp3. Jurkat T cells were contransfected
with Foxp3 and a 5’ promoter truncation series cotransfected with Foxp3 into Jurkat T cells
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(Figure 2B). All of the promoter constructs had a common 3’ terminus at +1, but differed in
their 5’ extension. All of the constructs that terminated between −416 bp and −171 bp were
activated by Foxp3 (Figure 2B). In contrast, further deletion to −135 bp and beyond
significantly reduced, but did not eliminate completely, Foxp3 activation of class I promoter
activity. Thus, a Foxp3 response element maps to the class I promoter segment between
−171 bp and −135 bp. Interestingly, contained within this segment is the conserved class I
interferon response element (IRE) (Supplementary Figure 2). Inspection of the IRE
sequence (AGTTTCACTTCT) revealed a consensus Foxp3 binding site (AGTTTCA)
imbedded within it. Indeed, mutation of the IRE sequence significantly reduces the ability of
Foxp3 to affect class I promoter activity (Figure 2C). (Attempts to demonstrate direct
binding of Foxp3 to either this element or the canonical one, as reported by others (20, 21),
were not successful. It is likely that the interaction of Foxp3 with DNA is relatively weak
and needs to be stabilized by co-factors.)

The fact that the promoter activity of the IRE mutant is still enhanced by Foxp3, albeit to a
reduced degree, suggested the presence of an additional Foxp3 response element. Indeed as
noted above, the construct containing only 68bp of core promoter sequences maintained a
small, but reproducible, response to Foxp3, also suggesting the presence of another response
element. To map this second element, a series of 3’ promoter truncations were examined for
their ability to respond to Foxp3. As shown in Figure 2D, Figure 3’ truncation of the class I
promoter from +32 bp to +1 bp does not affect the Foxp3 response, mapping the second
Foxp3 response element between −68 and +1 bp. To verify the presence of a response
element in this region, a deletion between −50 bp and +3 bp was introduced into the class I
promoter construct (Figure 2E, drop-out). Although, as previously reported, this construct
retains promoter activity (16), the Foxp3 response is significantly reduced (Figure 2E).
Since no consensus Foxp3 site occurs in the −50 bp to +3 bp region, the response to Foxp3
may be mediated by an interaction with another transcription factor(s). To determine
whether the residual response to Foxp3 was mediated by the intact IRE remaining in the
drop-out construct, we generated a construct with both the IRE mutation and the drop-out
(IREm/drop-out). As shown in Figure 2F, the IREm/drop-out no longer responded to Foxp3
activation. Taken together, these experiments map two Foxp3 response elements to the
MHC class I promoter region: one contained within the IRE and one mapping between −50
bp and +3bp.

The above conclusions were based on results from transient transfection assays, which
clearly showed that Foxp3 targeted a promoter region between −50 bp and +3 bp. To
determine whether endogenous Foxp3 activation of the class I promoter also depended on
this same region in Tregs in vivo, we generated a transgenic mouse containing a full-length
PD1 MHC class I gene from which the −50 bp to +3 bp segment had been deleted
(PD1drop-out). In contrast to the control, wild type PD1 transgene, PD1 expression of the
PD1drop-out transgenic mice was not significantly different on Tregs compared with CD4+

Tconv cells (Figure 3A). This difference was not due to differences in overall transgene
expression since the PD1drop-out is expressed at levels at least as high as the wild type PD1
transgene (Figure 3A). Furthermore, endogenous H-2Kb levels in Tregs of the two
transgenic lines were identical. Thus, the promoter region between −50 bp and +3 bp
contains a Foxp3 response element that functions to regulate class I expression in Tregs in
vivo.

These findings suggest that Foxp3 activation of the endogenous the H-2K gene results from
a direct interaction. Indeed, analysis of published ChipSeq data (17) reveals a significant
peak of Foxp3 binding to the H-2K promoter at −86 bp (Fig. 3B). This is within
approximately the same region of the promoter as the Foxp3 target site on the PD1
promoter. Thus, Foxp3 binds to MHC class I promoters to modulate transcription.
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Foxp3 reduces MHC class I promoter activity in Hela and MCF-7 cells
Foxp3 is known to interact with a variety of different transcription and chromatin
remodeling factors, including many that are not expressed exclusively in T cells. Among the
factors known to bind Foxp3 are AP1 and Runx1, both of which regulate class I
transcription in HeLa cells (12). Therefore, we next asked whether Foxp3 affects class I
expression in non-lymphoid cells. We first examined the effect of Foxp3 on class I promoter
activity in the HeLa epithelial tumor cell line. Surprisingly, co-transfection of Foxp3 with
the −416/+32 bp PD1 promoter reporter construct resulted in a dramatic reduction in
promoter activity (Figure 4A). Using the same promoter deletion series as in Figure 2, no
discrete Foxp3 response elements were mapped between −416 bp and −68 bp (Figure 4B).
Indeed, deletion of upstream sequences to −209 bp actually augmented Foxp3-mediated
repression. Further deletion to −68 bp partially restored promoter activity in the presence of
Foxp3, but only to level of the −416 bp. In contrast, truncation of the region between +1 and
+32 bp had no effect on Foxp3 repression (Figure 4C).

These findings suggest a series of DNA sequence elements upstream of +1 bp that
contribute to Foxp3 regulation of class I promoter activity in HeLa cells. To determine
whether the IRE is among those elements, the IRE promoter mutant was co-transfected with
Foxp3 into HeLa cells. The IRE mutation significantly reduced (p<0.002), but did not
ablate, Foxp3-mediated repression (Figure 4D). Similarly, deletion of the segment between
−50 bp and +3 bp significantly reduced (p<0.0001), but did not eliminate, Foxp3 repression
(Figure 4E). However, deletion of both the IRE and the −50bp/+3bp segment eliminated the
response to Foxp3 (Figure 4F).

The disparate effect of Foxp3 on class I promoter activity in Jurkat T cells and HeLa
epithelial tumor cells led to the question of whether the HeLa response was anomalous. To
address this, the effect of Foxp3 on class I transcription was assessed in a breast cancer cell
line, MCF-7. As shown in Figure 5A (left panel), Foxp3 represses class I promoter activity
in MCF-7 cells and to a similar degree to that observed in HeLa cells.

Taken together, these findings demonstrate the effect of Foxp3 on class I promoter activity
is cell type dependent: Foxp3 activates the promoter in T cells but represses it in epithelial
HeLa and MCF-7 cells. However, the response elements targeted by Foxp3 are common to
both cell types, mapping to the IRE and a region between −50bp and +3 bp.

Runx1 and Foxp3 independently regulate class I promoter activity in HeLa and MCF-7 cells
Depending on its interactions with other transcription factors, Foxp3 functions as either an
activator or repressor of different target gene promoters (22, 23). Therefore, we speculated
that Foxp3 enhancement of class I promoter activity in T cells, but not in non-T cells,
resulted from a T cell-specific transcription factor that modulated the effect of Foxp3 on the
class I promoter. Aside from Foxp3, the major transcription factor expressed in Jurkat and
Treg cells, but not in HeLa or MCF-7 cells, is Runx1. Runx1, in complex with CBFβ and
LEF1, forms the TCE that activates transcription of the TCR genes. Runx1 also interacts
with Foxp3 (24). As we have shown previously, introduction of Runx1 into HeLa cells
strongly enhance MHC class I promoter activity (12). Therefore, we asked whether in the
presence of Runx1, Foxp3 would enhance class I promoter activity in HeLa and MCF-7
cells, neither of which expresses Runx1 constitutively (data not shown). As expected,
cotransfection of the class I promoter with only Runx1 into either MCF-7 or HeLa cells
increased class I promoter activity, whereas cotransfection of Foxp3 alone repressed it (Fig
5A,B). Importantly, co-transfection of the class I promoter with both Foxp3 and Runx1 did
not activate class I promoter activity above that observed by Runx1 alone. Rather, the net
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promoter activity was intermediate to each alone. Therefore, Runx1 expression alone is not
sufficient to generate Foxp3 activation of class I expression.

If Foxp3 and Runx1 are independently regulating class I promoter activity, then their target
DNA sequence elements might also be distinct. Since Foxp3 targets the class I IRE and the
−50bp to +3bp sequence, we assessed the ability of Runx1 to activate these two promoter
constructs. As shown in Fig. 5B, Runx1 efficiently activated both promoters, demonstrating
that Runx1 targets a DNA sequence element distinct from that targeted by Foxp3.

Taken together, these results indicate that the differential expression of Runx1 in T
lymphocytes and epithelial cells does not determine the effect of Foxp3 on class I promoter
activity. Rather, Foxp3 acts independently of Runx1, suggesting that it does not require
Runx1/TCE for the enhancement of class I promoter activity observed in T cells.

The DNA-binding forkhead domain of Foxp3 is required for its effect on class I promoter
activity in Jurkat and HeLa cells

Because Foxp3 has multiple structural domains that allow it to interact with both DNA and a
variety of different transcription factors, our next questions were 1) which Foxp3 domain(s)
is required for class I regulation and 2) is the same domain required in Jurkat and HeLa
cells? To address these questions, we examined the effects of two different Foxp3 deletion
mutants on class I promoter activity in the Jurkat and HeLa cell lines. Foxp3-ΔFKH is a C-
terminal truncation of the DNA forkhead binding domain (FKH) and Foxp3-ΔN is an N-
terminal deletion of the proline rich domain. Both constructs contain the central zinc finger
(ZF) and leucine zipper (LZ) dimerization domains (14, 20). In both Jurkat and HeLa cells,
the Foxp3-ΔN was as effective as the Foxp3-WT in modulating class I promoter activity. In
contrast, Foxp3-ΔFKH was markedly impaired in its ability to affect class I promoter
activity in either cell type, although the three Foxp3 constructs were expressed comparable
levels of protein (Figure 6, lower panel). Thus, class I promoter activation by Foxp3 depends
on the Foxp3 DNA binding FKH domain. Interestingly, in HeLa cells, expression of Foxp3-
ΔFKH not only reversed the effect but actually increased class I promoter activity. Whether
the Foxp3-ΔFKH is acting as a dominant negative of an endogenous repressor remains to be
examined. We conclude that the forkhead domain is necessary for Foxp3 effects in both
Jurkat and HeLa cells and that the ZF, LZ and FKH domains are sufficient for activity.

Class I expression contributes to optimal Treg function
The finding that Foxp3 modulates class I promoter activity raises the question of whether
there is a functional consequence to class I overexpression on Tregs. Since Foxp3 is
essential for Treg generation, it is not possible to test directly the effect of depleting Foxp3
on class I expression or Treg function. Therefore, to address this question, we examined the
effect of the complete elimination of class I on Treg development and function. Treg
development does not require MHC class I expression since β2m-deficient mice that do not
express surface class I develop normal numbers of CD4+CD25+ Tregs in both lymph node
and thymus (Figure 7A). Consequently, we determined the impact of class I-deficiency on
various aspects of Treg function. We first assessed the ability of class I deficient Tregs to
suppress in vitro proliferative responses of CD4+CD25− B6 T cells (Tconv) stimulated by
anti-CD3 mAb and antigen presenting cells (APC). B6 Tconv cells were stimulated with
anti-TCR and APCs in the presence of increasing numbers of Tregs from either wild type B6
or β2m-deficient mice. Interestingly, β2m-deficient Tregs were detectably less efficient than
B6 Tregs in that greater numbers of β2m-deficient Tregs than B6 Tregs were required to
achieve the same level of suppression. The same was true whether the Tconv responders
were from B6 or β2m-deficient mice (Fig. 7B, C; Supplementary Figure 3). Although these
effects were modest, they were reproducible over multiple experiments.These results
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indicate that class I expression contributes to efficient Treg cell suppressive function in
vitro.

To determine if class I expression on Tregs similarly contributes to Treg suppression in vivo,
we compared the ability of Tregs from B6 and β2m-deficient mice to suppress the induction
of inflammatory bowel disease (IBD) in vivo. Transfer of B6 CD4+CD45RBhi T-effector
cells into unirradiated β2m−/−/RAG-2−/− mice induced severe diarrhea that resulted in
weight loss and death (Fig. 7D). However, IBD was suppressed and mice maintained their
weight when Tregs of B6 were co-transferred with the effector T cells. In sharp contrast,
class I-deficient Tregs from β2m−/− mice did not provide any protection during the first 5
weeks post-transfer as indicated by progressive weight loss. This weight loss occurred even
though both Treg populations were equally efficient in engrafting and populating the
mesenteric lymph nodes of host mice (Fig. 7E). Interestingly, after five weeks, host mice
transferred with class I-deficient Tregs gradually regained weight and showed reduced signs
of the IBD. Thus, these in vitro and in vivo results reveal that MHC class I expression
contributes to optimal Treg suppressor function.

To further characterize the underlying defects in class I-deficient Tregs, we focused on the
well described Treg cell signature genes, Ctla4, Foxp3, IL-10 and TGFβ, which are
differentially expressed between Treg cells and conventional CD4+ T cells. There were no
significant differences in the expression of Foxp3, Ctla4 or TGFβ between class I-deficient
and wild type Tregs (Fig. 8). (Note that relative to B6, the class I-deficient Tconv did
express reduced levels of TGFβ. In contrast, we found that class I deficient Tregs expressed
significantly reduced IL-10 mRNA levels than wild type, consistent with the finding that
class I on Tregs is necessary to upregulate IL-10 expression (25).

Discussion
Foxp3, a member of the winged helix/forkhead family of transcription factors, is a master
regulator of Treg development and function and is also induced in a variety of cancer cells.
Consistent with Treg’s role as a suppressor of immune responses, most of the genes
regulated by Foxp3 are in the TCR signaling pathway and are repressed upon Treg
stimulation; the small proportion that are activated are involved in immune suppression (26).
In the present study, we provide evidence that Foxp3 also regulates MHC class I
transcription in vivo and its effect is cell-type dependent. In Treg cells, Foxp3 enhances
expression of MHC class I genes. In contrast, in epithelial tumor cells, Foxp3 represses
MHC class I expression. Whereas Foxp3 has been known to act either as an activator or
repressor of different genes, this is the first example of it differentially affecting a single
gene in a tissue-specific fashion. Importantly, the enhanced class I expression mediated by
Foxp3 contributes to the IL10 content and suppressor function of Tregs.

Regulation of MHC class I gene expression is tissue specific and mediated by cell-type
specific factors that interact with DNA sequence elements in the MHC class I gene
promoter. For example, a B lymphocyte-specific enhanceosome consisting of the coactivator
CIITA and DNA bound transcription factors RFX, CREB/ATF, and NF-Y leads to high cell
surface class I and II expression in B lymphocytes (8–11). In conventional T cells, the high
levels of class I transcription are regulated by the T cell enhanceosome, consisting of
RUNX1, CBFβ and LEF1(12). In Tregs, Foxp3 further enhances class I expression above
that in conventional T cells. This enhancement is observed in T cells both in vivo and in
vitro. In contrast, in epithelial tumor cells, which do not express the T cell enhanceosome,
Foxp3 represses class I transcription, presumably as a result of interactions with cell-type
specific factors. Foxp3 is known to interact with a number of transcriptional activators such
as AP1, NFκB, NFAT, RORγt, RORα and Runx1, as well as chromatin modifying enzymes
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such at the acetylase Tip60 and the deacetylase HDAC7 (27). We speculate that the different
effects of Foxp3 on class I transcription reflect its interactions with different co-factors
present in the different cell types.

Although the effect of Foxp3 binding to the class I promoter differs between T cells and
epithelial tumor cells, two common DNA sequence elements are targeted. In both T cells
and epithelial tumor cells, two distinct elements contribute to Foxp3 regulation.
Interestingly, one of the elements resides within the class I interferon response element,
which is the binding site for IRFs (28). The co-localization of Foxp3 and IRF1 at the IRE
suggests that they may synergize to activate transcription. The other element resides within
the core promoter of the class I gene, between −50 and +1 bp, the region where transcription
initiates. Previous studies also mapped the Runx target site to this segment. Nevertheless,
Runx and Foxp3 seem to act independently on their regulation of MHC class I transcription.
Both elements contributed to Foxp3 activity in both cell types, their relative importance
differed. In HeLa cells, repression of class I transcription by Foxp3 was mediated primarily
by the response element within the core promoter. In contrast, in Jurkat T cells, the IRE and
the core promoter both contributed equally to the increased transcription. The importance of
the core promoter elements in Foxp3-mediated activation was demonstrated by deleting the
core promoter from a class I transgene. The deletion did not abrogate its expression (29), but
did eliminate Foxp3-dependent overexpression in Tregs. Thus, Foxp3 targets two major
elements in the class I promoter, although the effect on transcription is cell-type specific.

In addition to these two major Foxp3 response elements, a series of additional response
elements, spanning the segment from −416 to −171 bp, were active in HeLa cells. In
particular, an element(s) between −416 and −313 bp enhanced Foxp3 mediated repression.
Contained within this region is an AP-1 binding site. Since that site negatively regulates
class I transcription in HeLa cells, it is unlikely it mitigates the effect of Foxp3 (30, 31). The
finding that the IRE/dropout mutation, which still contains all of the upstream sequences is
not repressed by Foxp3 suggests that any upstream regulatory elements are only active in the
context of the IRE and core promoter.

Foxp3 activity in both Jurkat T cells and Hela epithelial cells depends on its forkhead (FKH)
DNA binding domain. A mutant deleted of the FKH domain loses its ability to modulate
class I transcription. In contrast, deletion of the N-terminal activation domain (ΔN) does not
abrogate activity. The ΔN protein retains the zinc finger and leucine zipper domains of the
wild type Foxp3, which would maintain interactions with a variety of co-factors and thus
function. We propose that Foxp3 modulates class I transcription through its direct binding to
the forkhead consensus sequence within the IRE and through its interactions with cell-type
specific co-factors, resulting in either the activation or repression of class I transcription.

Class I molecules are receptors for intracellular derived peptides and provide immune
surveillance by presenting them on the cell surface. Although class I molecules are
ubiquitously expressed, their level of expression is tightly regulated in every tissue. Aberrant
expression is associated with autoimmunity; lack of expression is associated with cancer.
Accordingly, the expression of class I in Tregs had a functional correlate: both in vitro and
in vivo, the absence of class I resulted in impaired Treg function. Thus, class I expression
contributes to optimal Treg function. The mechanism(s) by which class I affects Treg
function remain to be delineated. It is known that class I interaction with CD8 is required for
optimal Treg activation and that Treg-specific inactivation of IL10 results in spontaneous
colitis (25, 32). Thus, it is possible to speculate that class I deficiency results in impaired
signaling, reduced IL10 content and consequently inefficient Treg function. Recent studies
that class I molecules signal in NK cells and macrophages support the model that class I
molecules signal in Tregs (33, 34).
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The repression of class I expression in both Hela epithelial cells derived from an ovarian
cancer and in MCF7 breast cancer cells is consistent with the down-regulation of class I
commonly observed in tumors that allows them to escape immune surveillance. Indeed,
Foxp3 expression has been detected in a variety of human and mouse tumors, including
breast, ovarian and prostate (35–38). For example, single cell analysis of circulating tumor
cells from prostate cancer patients (35) detected Foxp3 expression in the large majority of
cases. Foxp3 was also observed in epithelial cells in breast DCIS and invasive carcinoma
(39). The present findings that Foxp3 represses class I expression in epithelial tumor cells
lead to the speculation that this is a mechanism whereby the tumor evades immune
surveillance, enabling tumor progression.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. MHC class I expression is elevated on Tregs
A. Surface expression of MHC class I is elevated on CD4+CD25+ T cells from thymus and
lymph node relative to CD4+CD25− T cells. Upper panels: Thymocytes (left) and lymph
node cells (LN, right) were stained for H2-Kb, CD4 and CD25, as described in Materials and
Methods. FACS profiles of class I expression on the CD4+CD25+ (black line) and
CD4+CD25− (shaded) populations are shown. Lower panels. Class I levels on CD8+

(shaded) and CD4+ (black line) thymocytes (left) and lymph nodes (right) were determined
by staining for CD4, CD8 and H-2Kb.
B. Class I RNA and cell surface protein levels are elevated in CD4+CD25+ T cells relative
to CD4+CD25− T cells. Total RNA was isolated from purified Tregs and Tconv and
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subjected to RT-PCR (left). Cell surface class I protein levels were calculated from total
mean fluorescence intensity (MFI) following FACS profiling with anti-H-2Kb antibody
(right). Both sets of results are presented relative to CD4+CD25− Tconv levels. ***p<0.001
(n=5); ****p<0.0001 (n=11).
C. Expression of a class I transgene is elevated on CD4+CD25+ T cells in thymus and lymph
node. Thymocytes and lymph nodes from mice transgenic for the MHC class I gene, PD1,
were stained for endogenous H2-Kb (upper panels), transgenic PD1 (lower panels), CD4 and
CD25, as described in Materials and Methods. FACS profiles of class I expression on the
CD4+CD25− (shaded) and CD4+CD25+ (black line) populations are shown. Mean
fluorescence intensity (MFI) is indicated for CD25+/CD25−. The data are representative of
three experiments.
D. Levels of MHC class I expression correlate with levels of Foxp3 expression. Double
positive (DP) thymocytes were isolated from B6 mice and two lines of Foxp3 transgenics,
T3 and A10. Expression of Foxp3 (upper panels) and H-2Kb (lower panels) were monitored
by FACS. Foxp3 staining (solid line) and negative control (dotted line) are shown; MFI of
Foxp3 and H-2Kb staining are indicated. The data are representative of three experiments.
E. Class I expression is proportional to Foxp3 levels in native Tregs. CD4 single positive
thymocytes were stained for Foxp3 (left) and H-2Kb (right). The expression of H-2Kb on
Foxp3 high (right, lower panel) and Foxp3 low (right, upper panel) cells is compared to
Foxp3 negative cells. The data are representative of three experiments.
F. MHC class I expression is elevated on CD4+Foxp3+ thymocytes relative to CD4+Foxp3−

thymocytes. Thymocytes from B6 and BALB/c were surface stained for H2-Kb, H-2Db,
H-2Kd, H-2Dd, CD4 and CD8, fixed and stained for intracellular Foxp3. FACS profiles of
class I expression on the CD4+Foxp3+ (black line) and CD4+Foxp3- (shaded) populations
are shown. The data are representative of three experiments.
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Figure 2. Foxp3 activation of MHC class I promoter activity in Jurkat cells maps to the IRE and
core promoter
A. Jurkat T cells were cotransfected with a 1.0 µg of the MHC class I PD1 promoter
construct containing DNA sequences from −416 to +32 bp (WT), ligated to a luciferase
reporter gene and 2.0 µg of a Foxp3 expression vector or control vector. Results are
expressed relative to class I promoter activity of the control co-transfection. Results are the
average ± SEM of 6 experiments. *** p<0.0004.
B. Jurkat T cells were cotransfected with 2.0 µg of Foxp3 or control vector (no Foxp3) and
1.0µg of a series of 5’ truncation deletion mutants of the class I promoter, as diagrammed.
The results for each construct are normalized to the control transfection with empty vector.
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Although the absolute activity of the constructs differed, all of them were transcriptionally
active (12).The results are the average ± SEM of 4 separate experiments. *, p<0.2; **
p=0.016.
C. Jurkat T cells were cotransfected with 2.0 µg Foxp3 or control vector (no Foxp3) and
either WT (1.0 µg) or a class I promoter construct containing a mutation in the interferon
response element (IRE). The results for each construct are normalized to the control
transfection with empty vector. Although the absolute activity of the two constructs differed,
both were transcriptionally active. The results are the average ± SEM of 4 separate
experiments. ** p=0.019.
D. Jurkat T cells were cotransfected with 2.0 µg Foxp3 or control vector and 1 µg of a series
of 3’ truncation deletion mutants of the class I promoter. The results for each construct are
normalized to the control transfection with empty vector. Although the absolute activity of
the constructs differed, all of them were transcriptionally active (16). The results are the
average ± SEM of 3 separate experiments.
E. Jurkat T cells were cotransfected with 2.0 µg Foxp3 or control vector and 1.0 µg of either
WT or a MHC class I promoter construct containing a −50 to +3 deletion (drop out). The
results are average ± SEM of 4 separate experiments. ** p=0.018.
F. Jurkat T cells were cotransfected with 2.0 µg Foxp3 or control vector and 1.0 µg of either
WT, IRE mutant, the drop-out or a mutant containing both the IREmut and the drop-out
(IREm/drop-out). The results for each construct are normalized to the control transfection
with empty vector. Although the absolute activity of the constructs differed, all of them were
transcriptionally active (16).The results are the average ± SEM of 5 separate experiments.**,
p<0.01; ***,p<0.004
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Figure 3. Foxp3 regulation of class I expression in Tregs depends on the class I core promoter
A. Foxp3 (left panels), PD1 (middle panels) and H-2Kb (right panels) levels were measured
by FACS on CD4+ SP thymocytes from mice transgenic for either the WT PD1 class I gene
(upper panels) or a mutant PD1 class I gene with the −50bp to +3bp drop-out (lower panels).
The levels of class I expression of Foxp3+ (red line) and Foxp3− (black line) were
compared. The levels of expression (MFI) of Foxp3+ (red) and Foxp3− (black) CD4+ SP
thymocytes from wild type and drop-out mutant PD1 transgenes are indicated. Data are
representative of three separate experiments.
B. Published Chip-seq data were analyzed as described in Methods. Significant Foxp3
binding was observed at multiple sites along the H-2K gene (veritical bars). Two sites were
in the H-2K promoter region (arrows); the proximal site is located at −86bp. Additional
peaks were detected within the large intron 3.
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Figure 4. Foxp3 suppression of class I expression in HeLa cells maps to the IRE and the core
promoter
A. Hela cells were cotransfected with WT class I promoter (2.0 µg) and Foxp3 (0 µg, 0.1 µg
or 0.5 µg) or equal amounts of control vector. Results are expressed relative to class I
promoter activity of the control co-transfection. Results are the average ± SEM of 3
experiments. ***p< 0.001.
B. Hela cells were cotransfected with 1.0 µg Foxp3 or control vector and 2.0 µg each of a
series of 5’ truncation deletion mutants of the class I promoter, as diagrammed. The results
for each construct are normalized to the control transfection with empty vector. Although
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the absolute activity of the constructs differed, all of them were transcriptionally active (12).
The results are the average ± SEM of 4 separate experiments.
C. Hela cells were cotransfected with 1.0 µg Foxp3 or control vector and 2.0 µg each of a
series 3’ truncation deletion mutants of the class I promoter. The results for each construct
are normalized to the control transfection with empty vector. Although the absolute activity
of the constructs differed, all of them were transcriptionally active. The results are the
average ± SEM of 4 separate experiments.
D. Hela cells were cotransfected with 1.0 µg Foxp3 or control vector and 2.0 µg WT class I
promoter or IRE mutation constructs. The results for each construct are normalized to the
control transfection with empty vector. Although the absolute activity of the two constructs
differed, both were transcriptionally active. The results are the average ± SEM of 4 separate
experiments. **p=0.002.
E. HeLa cells were cotransfected with 1.0 µg Foxp3 or control vector and 2.0 µg of either
WT or a MHC class I promoter construct containing a −50 to +3 bp deletion (drop-out).
Although the absolute activity of the two constructs differed both were transcriptionally
active. The results are the average ± SEM of 4 separate experiments. ***p<0.0001.
F. HeLa cells were cotransfected with 1.0 µg Foxp3 or control vector and 2.0 µg of either
WT, IRE mutant, the drop-out or a mutant containing both the IREmut and the drop-out
(IREm/drop-out). The results for each construct are normalized to the control transfection
with empty vector. Although the absolute activity of the constructs differed, all of them were
transcriptionally active (16).The results are the average ± SEM of 4 separate experiments.
**p=0.004.
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Figure 5. Foxp3 and Runx1 independently regulate class I promoter activity in Hela and MCF-7
cells
A. MCF-7 cells (left panel) and Hela cells (right panel) were cotransfected with WT class I
promoter (2.0 µg) and Foxp3 (1.0 µg) or Runx1 (1.0 µg) alone or Foxp3 and Runx1 together.
The results are the average ± SEM of 4 separate experiments for MCF-7 cells. ***p<0.001;
*p<0.05, and four experiment for Hela cells. ***p<0.001; **p<0.01.
B. Hela cells were cotransfected with Runx1 (1.0 µg) or control vector and either WT class I
promoter (2.0 µg) or IREmutant (2.0 µg) or drop-out (2.0 µg). The results are the average ±
SEM of 2 separate experiments.
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Figure 6. Foxp3 modulation of class I promoter activity depends on its DNA binding domain
A. Jurkat T cells were cotransfected with the class I WT promoter (1.0µg) and either 2.0 µg
of Foxp3 full length (Foxp3-WT), a C-terminal truncation of FKH domain (ΔFKH) or an N-
terminal deletion of the proline rich domain (ΔN). Relative promoter activity, as assessed by
luciferase activity (upper histogram) was determined. The activity of the ΔFKH construct
was significantly less (p<4×10-5) than WT. The activity of the ΔN construct was not
significantly different than WT (p=0.13) Expression of Foxp3 constructs was measured by
western blotting with an anti-Flag antibody (middle) and compared with the internal control,
HSP60 (bottom). Schematic diagrams of the wild type (WT) Foxp3 protein and the
derivative truncations are shown below.
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B. Hela cells were cotransfected with the class I WT promoter (2.0µg) and either 1.0 µg of
Foxp3 full length (Foxp3-WT), a C-terminal truncation of FKH domain (ΔFKH) or an N-
terminal deletion of the proline rich domain (ΔN). Relative promoter activity, as assessed by
luciferase activity (upper histogram) was determined. Expression of Foxp3 constructs was
measured by western blotting with an anti-Flag antibody (middle) and compared with the
internal control, HSP60 (bottom).
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Figure 7. Class I deficiency reduces Treg function in vitro and in vivo
A. MHC class I is not required to generate Tregs. Lymph node T cells were stained for
CD25 and Foxp3, as described in Material and Methods. Top panels display CD25 surface
staining of gated CD4+ LNT cells and the numbers indicate the percentage of CD4+ T cells
that are CD4+CD25+ (dashed lines represent negative control staining). Bottom panels
display intracellular Foxp3 staining of gated CD4+ LNT cells and the numbers indicate the
percentage of CD4+ T cells that are Foxp3+. Data are representative of three independent
experiments.
B., C. MHC class I expression is required for efficient Treg function. CD4+CD25− LN
Tconv cells from normal B6 mice (B.) or β2m−/− mice (C.) were cultured with purified
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CD4+CD25+ Tregs of mice from the two different origins and stimulated to proliferate by
anti-CD3 (1µg/ml) and APC. Proliferation was measured by 3H-thymidine incorporation and
mean cpm ± SD of triplicate wells are shown. The proliferation levels of B6 and β2m−/−

Tregs, alone, were 108±23 and 110±7.2. Data are representative of 3 independent
experiments and graphed with best fit curves. The IC50 for the β2m−/− and B6 Tregs was
1:6 and 1:21, respectively with β2m−/− responders.
D. Five week old β2m−/−/RAG-2−/− mice were injected either with 4×105 CD4+CD45RBhigh

(CD45.1+) T cells alone, or together with 4×105 purified CD4+CD25+ (CD45.2+) Tregs
from either B6 or β2m−/− mice. Tregs of B6 origin were used as a positive control.
Percentage change from initial body weight of the recipients was monitored over time. β
2m−/−/RAG-2−/− mice were used as host instead of RAG-2−/− mice which rejected the
transferred β 2m−/− Tregs, possibly by NK-mediated killing of class I deficient T cells (data
not shown). Each data point represents between 4 and 5 β 2m−/−/RAG-2−/− recipient mice.
Data are graphed with best fit curves.
E. β2m−/−/RAG-2−/− mice were injected either with 4×105 CD4+CD45RBhigh (CD45.1+) T
cells alone, or together with 4×105 purified CD4+CD25+ (CD45.2+) Tregs from either B6 or
β 2m−/− mice. Five weeks later, mice were sacrificed and their mesenteric LNs were stained
for the relative proportions of CD4+CD45RBhigh effectors and CD4+CD25+ Tregs. Four or
five β2m−/−/RAG-2−/− recipient mice per group were used.
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Figure 8. MHC class I expression enhances IL-10 but not CTLA-4 and TGF-β
A. MHC class I deficiency does not affect Foxp3 and CTLA-4 expression in Tregs. Lymph
node T cells were first stained for surface CD25, fixed and then stained for Foxp3 and
CTLA-4. Top panels display Foxp3 intracellular staining of gated CD4+CD25+ LNT cells
and the numbers indicate the MFI of Foxp3. Bottom panels display intracellular CTLA-4
staining of gated CD4+Foxp3+ LNT cells and the numbers indicate the MFI of CTLA-4.
Dashed lines represent negative control staining. Data are representative of three
independent experiments.
IL-10 RNA is reduced in β2m−/− CD4+CD25+ T cells relative to that in B6 CD4+CD25+ T
cells. Total RNA was isolated from purified CD4+CD25− Tconv and CD4+CD25+ Tregs and
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subjected to quantitative RT-PCR for CTLA-4, TGF-β and IL-10. 18S rRNA was used as an
internal control. Mean ± SEM of triplicate samples in three experiments. ***p<0.001.

Mu et al. Page 27

J Immunol. Author manuscript; available in PMC 2015 March 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Mu et al. Page 28

Table I
Foxp3 overexpression increases endogenous MHC Class I expression in Jurkat cells

Jurkat cells were transfected with Foxp3 cDNA (2.0 ug/ 106 cells); after 24 hrs, cells were surface stained
either with anti-class I antibody and secondary antibody or secondary alone, as a control. Foxp3+ transfectants
were distinguished from non-transfectants by intracellular staining with anti-Foxp3. Both cell surface and
intracellular staining levels were assayed by flow cytometry. Transfection efficiency was 10%.

Class I* Control*
(secondary antibody only)

Foxp3+ 318 11.3

Foxp3− 70.5 8.25

*
MFI
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