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Abstract

Previous studies have reported alterations in numbers or function of regulatory T cells (Tregs) in
myasthenia gravis (MG) patients, but published results have been inconsistent, likely due to the
isolation of heterogenous “Treg” populations. In this study, we used surface CD4, CD25M9" and
CD127'9W/~ expression to isolate a relatively pure population of Tregs, and established that there
was no alteration in the relative numbers of Tregs within the peripheral T cell pool in MG patients.
In vitro proliferation assays, however, demonstrated that Treg-mediated suppression of responder
T cells (Tresp) was impaired in MG patients and was associated with a reduced expression of
FOXP3 in isolated Tregs. Suppression of both polyclonal and AChR-activated Tresp cells from
MG patients could be restored using Tregs isolated from healthy controls, indicating that the
defect in immune regulation in MG is primarily localized to isolated Treg cells, and revealing a
potential novel therapeutic target.
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1. Introduction

Myasthenia gravis (MG) is an organ-specific autoimmune disease caused in most cases by
highly specific autoantibodies directed against the acetylcholine receptor (AChR) on skeletal
muscle [1]. Although anti-AChR antibodies directly contribute to the degradation of AChR
at the neuromuscular junctions in MG, cognate interactions of autoreactive T cells with B
cells are necessary for the synthesis of anti-AChR antibodies [2,3]. Immune tolerance to self
antigens is initially achieved during thymic development by the clonal deletion of
potentially autoreactive T cells. However, some of these pathogenic cells, including some
with reactivity to skeletal muscle AChR, survive clonal deletion in normal individuals, and
are kept in check by peripheral tolerance mechanisms, most notably by a specialized subset
of CD4" T cells called regulatory T cells (Tregs) [4,5]. The thymus gland is the primary
source of Tregs which constitute approximately 5-10% of the peripheral CD4* T cell
population, and play a crucial role in the maintenance of immune homeostasis against self-
antigens [6,7]. The lack or dysfunction of these cells contributes to the pathogenesis and
development of a number of experimental autoimmune diseases [8,9]. Additionally, a
quantitative or qualitative alteration in Tregs has also been noted in patients with MG [10-
14], suggesting a role for Treg abnormalities in human MG pathogenesis.

Studies to date examining the relative frequencies and function of Tregs in the peripheral
circulation of MG patients have reported conflicting results including reductions in Treg
numbers [10-12], impaired regulatory function [13], or no defect [14]. Moreover, all of
those studies have used a single step enrichment protocol in which high surface expression
of CD25 identified Tregs. However, the level of expression of CD25 that identifies Tregs for
isolation has been inconsistently defined in the literature, and CD25 is also expressed by
recently activated T cells [15], resulting in the inclusion of T cells with effector or pro-
inflammatory properties in isolated “Treg” cell populations. These issues may explain the
discordant results reported in previous studies examining circulating Tregs in MG.

It has been recently demonstrated that low expression of the IL-7Ra chain (CD127)
combined with high expression of CD25 enables better identification and isolation of pure
Treg populations with high suppressive functionality [16,17]. Accordingly, we have used
high expression of CD25 (CD25M3M) and negative or low expression of CD127
(CD127'°W/~) to more precisely characterize the regulatory properties of Tregs in MG
patients. Contrary to previous reports, we have found no alteration in the relative numbers of
Tregs (CD4*CD25M3INCD127'°W/~ cells or FOXP3* cells) within the peripheral CD4* T cell
pool. Instead, we demonstrated a reduced cellular expression of FOXP3 within Tregs
(CD4*CD25MIhCD127'oW/- cells), associated with a significant defect in the ability of these
cells to suppress polyclonal-activated and AChR-activated responder T (Tresp) cells /in vitro.
Notably, both polyclonal and AChR-activated Tresp cells from MG patients could be
effectively suppressed using Tregs isolated from healthy controls, while polyclonal-
activated Tresp cells from controls were not suppressed by Tregs isolated from MG patients,
strongly suggesting a primary intrinsic defect in the function of the isolated Treg cells in
MG.

2. Materials and methods

2.1 Subjects

Peripheral blood samples were obtained from a total of 24 patients (12 males, 12 females)
with clinically definite autoimmune MG (mean age 46.6 years, range 22 to 77), as well as
from 22 healthy controls (mean age 42.1 years, range 26 to 59). The clinical diagnosis of
MG was confirmed in all patients by elevated serum levels of anti-AChR antibodies.
Patients were recruited from the MG clinic at the University of Illinois Medical Center, and
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clinical information including age, sex, date of diagnosis, MGFA clinical classification [18],
manual muscle testing scores (MMT) [19], thymic pathology, and anti-AChR antibody
titers, was extracted from their medical records. The clinical characteristics of each patient
are summarized in Table 1. The protocol was approved by the University of Illinois at
Chicago Institutional Review Board and informed consent was obtained from all study
subjects.

2.2 Collection of peripheral blood mononuclear cells (PBMCs)

Blood samples were drawn into heparinized tubes (BD Vacutainer), diluted 1:1 with sterile
HBSS (Ca*™/Mg** free) at room temperature and centrifuged on Ficoll-Paque gradients (GE
Healthcare bioscience) at 800xg for 30minutes. Mononucleated cells (PBMCs) from the
interface were recovered, washed in HBSS, viability determined by trypan blue dye
exclsuion and used for the experiments. PBMCs were cryopreserved for subsequent use.

2.3 Antibodies and cell culture reagents

Allophycocyanin (APC)-conjugated anti-human CD4, Phycoerythrin (PE)-conjugated anti-
human CD25, Phycoerythrin-Cy- 7 (PE-Cy7)-conjugated anti-human CD127, Alexa Fluor
488 (AF488)-conjugated anti-human FoxP3, eFluor 450 conjugated anti-human CD31, and
CD45R0, Biotin-conjugated anti-human CTLA4, APCeF780 conjugated anti-human HLA-
DR, FITC-conjugated anti-human CD45RA, Pacific Blue (PB)-conjugated anti-human
Helios, Streptavidin APCeF780 and respective isotype controls were purchased from
eBioscience, CA, USA. RPMI 1640 media supplemented with 1% sodium pyruvate, 1%
non-essential amino acids, 2mM L-glutamine, 20mM HEPES, 50 U/ml penicillin and 50 pg/
ml streptomycin (all from GIBCO, CA, USA), 50 pM 2-ME, 10% heat inactivated human
AB serum (Invitrogen, CA, USA) were used as culture medium. Anti-human CD3 (clone
OKT3) and carboxyfluorescein succinimidyl ester (CFSE) were purchased from eBioscience
and Invitrogen, respectively. Two different synthetic peptides representing two amino acid
sequences: 1) aa195-212. DTPYLDITYHFVMQRLPL and 2) aa257-269.
LLVIVELIPSTSS, of the human a-subunit of the nicotinic acetylcholine receptor (AChR)
were synthesized and HPLC purified (96%) by the Protein Research Laboratory, University
of Illinois at Chicago. Peptides were dissolved in DMSO at a concentration of 10mg/ml,
aliquoted and stored at —80°C. The peptide sequences were selected based on previous
studies [20,21].

2.4 Sorting /isolation of T cell subsets

PBMCs (1x108) were washed once and re-suspended in 500 pl flow cytometry buffer (PBS
+0.5% BSA + 2 mM EDTA) in a 5ml polystyrene round bottom tube. After addition of 5u.l/
107 cell volume APC-CD4, PE-CD25, and PECy7-CD127 antibodies, the cell suspension
was mixed gently and incubated at 4°C for 30 min. Cells were then washed once in cold
flow cytometry buffer. Labeled CD4* T cells were sorted using a MoFlo (Becton
Dickinson). The gates for the sorted T cell subsets were set to include only those events
exhibiting the CD4-specific fluorescence. Based on the CD4 gate, cells were further sorted
based on CD127 and/or CD25 expression [CD4*CD25MINCD127!W/~ regulatory T cells
(Treg cells) and CD4*CD25 responder T cells (Tresp)] (Fig.1). Cells were collected into
100% human AB serum and washed once with media (RPMI 1640 medium with 5% human
AB serum) until they were ready to be plated in suppression assay. Sorted Treg and Tresp
cells were > 90% pure. Isotype controls were used to determine the gating parameters.

2.5 Flow cytometry

FACS sorted 6x104 Treg cells (CD4*CD25M"CD127!°W) from each patient/healthy control
were re-suspended in 100 I flowcytometry buffer in a 5ml round bottom polystyrene tube.
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For these studies, we gated the top 1% of CD4*CD25M3INCD1271°W/~ cells to ensure a pure
Treg population. After addition of 5l anti-human CD45RA, CD45R0O, CD31, CTLA4, and
HLA-DR the cell suspension was mixed gently and incubated at 4°C for 30 min. Cells were
washed, pelleted and resuspended in 100 p.l buffer.

Intracellular staining to determine FOXP3 and Helios expression was performed as per the
manufacturer’s recommendations (eBioscience, CA, USA). Briefly, 6x104 sorted Treg cells
(CD4*CD25MIhCD127°W/~) per sample were washed once with flow cytometry buffer and
fixed for 60 minutes. After washing with flow cytometry buffer, cell pellet was re-suspended
in 1001 flow cytometry buffer. 10 pul AF488-conjugated anti-human FOXP3 and PB-
conjugated anti-human Helios was added and cells were lightly vortexed and incubated at
room temperature for 30 min. After incubation, flow cytometry buffer was added to each
sample and cells were pelleted, resuspended in 200 wl buffer, and analyzed on a flow
cytometer (CyAn ADP, DakoCytomation). Isotype controls were used to determine the
gating parameters.

2.6 Reverse Transcription-Polymerase Chain Reaction

Total RNA was isolated from FACS-sorted CD4*CD25N9"CD127!9W/~ Tregs cells using
RNase Micro kit (Qiagen, Valencia, CA) according to the manufacturer’s instructions. The
purity of RNA obtained was >1.75. For the synthesis of cDNAs, a High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems) was used according to manufacturer’s
instructions. Briefly, 2 g of total RNA was reverse transcribed using MultiScribe™ Reverse
Transcriptase (50 U/wl) in the presence of 2 pl Random primers, 0.8 il 200 mM dNTP Mix,
1 pl of RNase Inhibitor and 10xRT Buffer in a final volume of 20 pl. The reaction was
carried out in an iCycler (Biorad, Germany) thermocycler at 25°C 10 min, 37°C 120 min,
85°C 5 min. The following specific oligonucleotide primers were used in the multiplex
PCR: i) human FOXP3 (PubMed Nucleotide Accession No. NM_001114377.1) sense
primer is 5'-CAG CAC ATT CCC AGA GTT CCT C-3’, and the antisense primer is 5’-
GCG TGT GAA CCA GTG GTA GAT C-3’. The predicted size of the amplified fragment
by multiplex PCR is 153 base pairs (bp). ii) human B-actin (PubMed Nucleotide Accession
No. NM_001101.3) sense primer is 5"-AGT CCT GTG GCA TCC ACG AAA CTA -3,
and the antisense primer is 5"-ACT CCT GCT TGC TGA TCC ACA TCT -3’. The
predicted size of the amplified fragment by multiplex PCR is 276 bp. Reaction was
performed triplicate in 50 pL using 200 nM of specific primers, 1l cDNA, and 2x
QIAGEN Multiplex PCR Master Mix (Qiagen, Valencia, CA) according to the
manufacturer’s instructions. The thermal cycling protocol was as follows: initial PCR
activation at 95 °C for 15 min, denaturation for 30 sec at 94 °C, annealing for 1.5 min at 58
°C, extension for 1.5 min at 72 °C. Thirty-five cycles were performed and final extension at
72 °C for 10 min. Finally, the reaction mixture containing PCR products were separated by
2% agarose gel electrophoresis along with 100 bp marker DNA. Gels were densitometrically
(Bio-Rad) scanned and the cDNAs were normalized to that of the house keeping gene or
internal control (B-actin), which was co-amplified along with the cDNA of interest.

2.7. CFSE-based polyclonal and AChR-stimulated suppression assays

Tresp cells were re-suspended in PBS (0.1% BSA) at 2x10° cells/ml and incubated with
CFSE (2 iM final concentration) for 10 min at 37°C. Cells were washed and re-suspended
in culture medium for 15 min. After a final wash step, cells were re-suspended in culture
medium at the indicated cell concentrations. Suppression assays were performed as per the
method of Venken et. al.[22]. Briefly, CFSE labeled Tresp cells were cultured in duplicates
in 96-well round bottom plates (Falcon, NJ, USA) at 2x10* cells per well in 200 pl medium
with 1x10° autologous antigen presenting cells (APCs) in the absence or presence equal
numbers of Tregs (Tresp-Treg ratio 1:0 or 1:1). In parallel experiments, CFSE labeled Tresp
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cells were co-cultured with equal numbers of unlabeled Tresp cells to determine if the
presence of unlabeled Tresp cells resulted in an apparent “suppression” of CFSE-labeled
Tresps. The ratio of 1:1 was selected based on Treg suppressive capacity on Tresp cell
proliferation using different ratios of Tresp-Treg in normal controls (Fig. 1C). APCs were
separated from PBMCs by 1-h plastic adherence (to deplete T cells), and the adherent
fraction was irradiated (2000 rads) immediately prior to use in the co-culture. Cell cultures
were stimulated with 2 g/ml anti-CD3 (non-antigen specific proliferation) or 5pg/ml
AChR peptides (antigen specific proliferation). The AChR peptide concentration was
selected based on an initial study of AChR peptide-stimulated Tresp cell proliferation using
different concentrations (1, 3, 5, 10, 20 and 40 pg/mL) of peptides. Co-cultures of purified T
cell populations and irradiated APCs, but in the absence of AChR peptide or anti-CD3, was
used to assess background proliferation for each cell type/experiment. After 4 days (for anti
CD3 stimulation), 7 days (for AChR stimulation) cells were harvested, stained for CD4 and
the proliferation of cells based upon the dilution of CFSE in CD4* lymphocytes was
analyzed by flow cytometry. The suppressive capacity of Tregs towards Tresp cells in co-
culture was expressed as the difference between the percentage of proliferation (CFSE!OW) of
CD4™" Tresp cells cultured in the absence of Tregs and the percent proliferation of Tresp/
Treg co-cultures. Dead cells were excluded by forward and side scatter. Signal from
unlabeled Tregs alone [(Tresp:Tregs (0:1)] and/or unlabeled Tresp co-cultured with CFSE
labeled Tresp [(Tresp:Tresp (1:1)] were used to set regions to exclude background levels
that would interfere with CFSE diluted cells. The cell culture supernatant was stored at
-80°C and used to assay for cytokines. In separate experiments, polyclonal-activated
CD4*CD25™ Tresp cells from healthy controls were mixed with either autologous (control)
or allogeneic (from MG patients) CD4*CD25MINCD127'9W/~Treg cells at a 1:1 ratio in the
presence of allogeneic APCs. Similarly, both polyclonal and AChR-activated CD4*CD25~
Tresp cells from MG patients cultured with autologous, irradiated APCs were mixed with
autologous (MG) or allogeneic (from healthy controls) CD4*CD25MINCD127!oW/Treg
cells. Suppression of Tresp proliferation by Tregs was assessed as described above.

2.8. Multi-plex analysis for cytokine production

IL-6, IL-10, IL-17 and IFN-y were analyzed from culture supernatants using a Millipore
custom made 4-plex kit (MILLIPLEX™ MAP, Millipore Corporation, USA). TGF-B1 was
measured from acidified culture supernatants using TGFB1 single-plex kit (MILLIPLEX™
MAP, Millipore Corporation, USA). Cytokine analysis was performed according to the
manufacturer’s instructions. Briefly, following pre-wetting of the filter plates, 251 of
samples/ standards (in duplicate) were added to each well. 25ul of bead suspension was then
added, the plates sealed and incubated with agitation on a plate shaker overnight at 4°C. The
plates were washed twice and 25l of detection antibody was then added; the plate was
incubated for 60 min at room temperature with constant agitation. After incubation, 25u.l of
streptavidin-PE was added to each well and incubated with agitation on a plate shaker for 30
min at room temperature. The plate was again washed and cells were re-suspended in 150yl
of sheath fluid and immediately read on a Bio-plex analyzer. For each analyte, a minimum
of 50 bead events was collected. Standard curves were generated from lyophilized standard
provided with each kit. The concentration for each analyte in cell supernatants was
determined by interpolation from their corresponding standard curve. The sensitivity of
four-plex (IL-6, IL-10, IL-17 and IFN-y) assay was 3.2 pg/ml and single-plex TGFR1 assay
was 9.8 pg/ml.

2.9. Statistical Analysis

The data were subjected Student’s t-test to assess statistical significance between control
subjects and MG patients, and to evaluate differences in percent proliferation of T cell co-
cultures, with or without Tregs. Non-parametric measures of statistical dependence between
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two variables were also ascertained using Spearman’s rank correlation test for assessing the
correlation between Treg suppressive ability vs. MMT using a computer based software
package [Statistical Package for Social Sciences (SPSS 7.5) and GraphPad Prism 5]. Data
are expressed as mean + SEM. For all tests, Pvalues of less than 0.05 were considered
significant.

3.1. Isolation of CD4*CD25M9"hCD127!°W/~ Tregs and in vitro suppressive assays

PBMCs were stained with fluorescent-labeled antibodies against CD4, CD25, and CD127
and analyzed by flow cytometry. Within the CD4* T cell population, a small subset of cells
with a high expression of CD25 and a low expression of CD127 could be visualized (Fig.
1A) comprising 3-7% of the total CD4" T cell population. Phenotypic analysis of these
CD4*CD25MIhCD127!W/= cells revealed that they were largely comprised (> 90 %) of
FOXP3-expressing cells, confirming their regulatory phenotype (Fig. 1B). We then used
these CD4*CD25MINCD127'°W/~ cells in T cell proliferation/suppression assays as described
in the Materials and methods section. The isolated Treg cells were tested for their ability to
suppress the proliferation of Tresp in response to anti-CD3 activation in the presence of
irradiated APCs over 4 days. Cellular proliferation was determined by CFSE dilution using
flow cytometry for CFSE labeled Tresp cells [without Tregs], and after the addition of Tregs
or unlabeled CD4* CD25~ T cells. No significant alteration in T cell proliferation was
observed when CFSE-labeled Tresp cells were co-cultured with unlabeled CD4*CD25~ T
cells. As expected, we found that Tregs were able to significantly suppress the Tresp
proliferation in a dose dependent manner. These assays confirmed the potent suppressive
capability of these cells, with maximum suppression occurring at a Tresp:Treg ratio of 1:1
(Fig. 1C).

3.2. Treg-mediated suppression of polyclonal and AChR-activated T responder cells is
impaired in individuals with MG

We sorted cells from the peripheral blood of MG patients (n = 23) and healthy controls (n =
22) and compared their suppressive properties using a suppression/proliferation assay (see
Materials and Methods) based on the capacity of CD4*CD25MINCD1271°W/= cells to inhibit
proliferation of autologous Tresp cells (CD4*CD257). Based on our findings in healthy
controls (above), we used a Tresp/Treg ratio of 1:1 for these studies. Fig. 2A shows
representative plots from an MG patient and a healthy control, demonstrating a robust Treg
suppressive effect in the healthy control sample and an attenuation of this suppressive effect
in the sample from the MG patient. In general, the mean proliferation index at baseline
(before the addition of Tregs) was slightly lower (not statistically significant) in MG patients
compared to controls (1.91 + 0.07 vs. 1.872 + 0.011). The mean proliferation index in the
presence of Tregs was 1.24 + 0.02 in healthy controls, compared to 1.67+ 0.08 in MG
patients (Fig. 2B); proliferation of Tresp cells was inhibited by a mean of 33.54% £ 2.32 in
healthy controls compared to 9 % + 2 in MG patients (Fig. 2C).

We next synthesized two peptides representing sequences of the human AChR-a subunit
(aa195-212 and aa257-259), in which at least one of the two peptides have been determined
to induce proliferation of PBMCs in the majority of patients with MG [21]. To assess Treg-
mediated suppression of AChR-stimulated T cell proliferation, CD4*CD25highcD1270w/~
cells were added to the T cell culture in the presence of AChR peptide. Fig. 2D shows plots
from an MG patient and a healthy control, demonstrating a scant proliferation in response to
the AChR-a peptide in the age-matched healthy control and a modest proliferative response
with an apparent lack of suppressive effect of Treg cells in the sample from the MG patient.
In MG patients, a low frequency of proliferating cells was detected, ranging from 2 to 18 %
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for p195-212 (n = 20) and from 3.14 to 12.40 % for p257-269 (n=19). No significant
suppression of AChR-induced proliferation was seen after the addition of Tregs to the
culture (Fig. 2E and 2F). In no case was the proliferative response to either AChR peptide
greater than 3% of CFSE-labeled cells in any of the healthy controls (n = 19).

3.3. Relative Treg numbers are not altered in MG patients (compared to controls), but
isolated Tregs have reduced cellular expression levels of FOXP3

We found no deficiency in the relative circulating frequencies of FOXP3-expressing cells or
isolated CD4*CD25MINCD127!°W/~ Tregs in MG patients compared to healthy controls,
with a mean frequency of 4.957% + 0.530 of the CD4+ T cells for MG patients and 4.66 +
0.295 for healthy controls. Regulatory T cells are characterized by the expression of the
forkhead lineage-specific transcription factor FOXP3, which endows these cells with their
suppressive function[23]. Therefore, we analyzed intracellular FOXP3 expression within the
population of isolated Treg cells (CD4*CD25MI"CD127'°W/-). Similar to the control
subjects, > 90% of CD4*CD25MINCD127!Wcells from MG patients expressed FOXP3
protein. We next analyzed the level of cellular FOXP3 expression in the
CD4*CD25MINCD127'9W/= cells (Tregs), and found that mean cellular expression of FOXP3
(mean fluorescent intensity [MFI]) within isolated Tregs was significantly decreased (39.9+
2.9) for MG patients, compared to healthy controls (52.57+ 3.57) (Figure 3A and 3B). We
also determined messenger RNA (mRNA) expression levels of FOXP3 by RT-PCR, and
found that a FOXP3 mRNA levels were also significantly decreased in
CD4*CD25MINCD127'9W/~ Treg cells from MG patients (Figure 3C and 3D). The function
of the Ikaros family transcription factor Helios in Tregs is relatively unknown. However,
recent studies suggest that FOXP3* Helios* Tregs are functionally stable and do not produce
inflammatory cytokines [24]. Therefore, we analyzed co-expression of Helios and FOXP3 in
isolated Tregs (Fig.3E and F) from MG patients and healthy controls. A significantly
reduced proportion of Tregs from MG patients were FOXP3* and Helios* [58.4 % + 2.2]
when compared to healthy controls [67.09 % * 2.7].

3.4. Tresp cells from MG patients are effectively suppressed by Tregs isolated from
healthy control subjects

It is possible that a resistance of Tresp cells to suppression may contribute to the apparent
functional impairment of Tregs observed in MG patients. To test this possibility, we
conducted experiments in which polyclonal (anti-CD3) stimulated Tresp cells from MG
patients were co-cultured with autologous (MG) Treg cells or with Treg cells isolated from a
healthy donor, and vice versa. In all experiments, Tresp cells were co-cultured with
autologous APCs. Tresp cells from healthy controls were effectively inhibited by autologous
Tregs (60.81 % suppression), but were not inhibited by Tregs from MG patients (22.9 %)
(Fig. 4A and 4C). In the case of MG Tresp cell proliferation, normal Tregs from healthy
controls inhibited the proliferation of MG Tresp cells (mean 36.58% suppression) more
potently, compared to autologus MG Tregs which afforded minimal suppression (4.66%])
(Fig. 4B and 4D). In separate experiments, Treg cells from healthy controls exerted a potent
inhibition of AChR-a-stimulated Tresp (from MG patients) cellular proliferation compared
to autologous (MG) Tregs, for both stimulation with AChR-a aa 195-212 (Fig 4E and 4G)
and AChR-a aa 259-267 (Fig. 4F and 4H). In sum, both polyclonal and AChR-activated
MG Tresp cells could be more effectively suppressed by Tregs from healthy subjects, while
Tregs from MG patients failed to suppress autologous (MG) Tresp cells as well as control
Tresp cells. These studies indicate that the observed defect in suppressive function of Tregs
in MG is primarily a Treg-intrinsic defect rather than a resistance of MG Tresp cells to
suppression
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3.5. Circulating Treg cells from MG patients contain reduced numbers of naive and recent
thymic emigrant (RTE) Tregs, and have an altered surface phenotype

Most Tregs in the peripheral blood of healthy adults express CD45R0, identifying them as
activated or memory cells [25]. These cells may derive from CD45RA*FOXP3* naive
Tregs, but there is also evidence that a proportion are generated from highly differentiated
memory CD4* effector T cells (iTregs) [26,27]. CD45RO* Tregs are highly suppressive, but
they are short-lived and susceptible to apoptosis [28]. The proportion of CD45RO™* Tregs
increases with age, while the relative numbers of CD45RA* Tregs decreases [27]. An
alteration in the homeostatic composition of the naive vs memory Treg subsets may underlie
some of the defects reported in Treg function in autoimmunity (including our findings in
MG). Along these lines, we assessed the percentage of naive (CD45RA*), memory
(CD45R0™), and recent thymic emigrant (RTE) Treg cells (CD31*) within the isolated Treg
populations from nine MG patients and nine age-matched healthy controls (Fig. 5), and
observed a significant decrease in the percentage of CD45RA" (Fig. 5A) and CD31* (Fig.
5B) cells in Tregs isolated from MG patients; and a corresponding increase in the percentage
of CD45R0O" cells (Fig. 5C).

HLA-DR, and CTLA-4 are surface markers that have been found to be important in the
identification and functional characterization of CD4* Tregs [29,30]. In particular, CTLA-4
is stably activated by FOXP3 and is critical for Treg suppressive function [30,31]
Accordingly, the percentage of HLA-DR (Fig. 5D) and CTLA-4 (Fig. 5E) expressing Tregs
was significantly decreased in MG patients compared to healthy controls.

3.6. Tregs from MG patients do not effectively suppress the secretion of pro-inflammatory
cytokines and fail to up-regulate the production of IL-10

The cytokines IL-6, IL-17, IL-10, TGF-B, and IFN-y were measured in the proliferation/
suppression assays described above performed with anti-CD3 polyclonal activation in MG
patients (n = 15) and healthy controls (n = 14). As shown in Figure 6, Tresp cells (cultured
alone) from MG patients secreted significantly higher levels of IL-6 (Fig. 6A) and IFN-y
(Fig. 6C), and lower levels of IL-10 (Fig. 6D), consistent with an increased pro-
inflammatory environment. In Tresp/Treg co-cultures, IL-6 (6A) and IL-17 (Fig. 6B) levels
were observed to increase in MG patients. In contrast, no significant change in these
cytokine levels was seen in controls compared to baseline assays (Tresp alone). In addition,
a robust (expected) increase in IL-10 levels was seen in Tresp/Treg co-cultures compared to
Tresp (cultured alone) cultures in the healthy controls. In MG patients, 1L-10 levels did not
change significantly with the addition of Tregs to the culture. Additionally, IFN-y levels
decreased significantly with the addition of Tregs in control subjects, but not MG patients.
No significant difference was observed between patients and controls for secretion of TGF-
(Fig. 6E). Taken together, these results indicate that Tregs from MG patients did not
effectively suppress the secretion of pro-inflammatory cytokines (IL-6, IL-17, and IFN-y),
and failed to up-regulate the production of IL-10.

3.7. Clinical Correlations of FOXP3 expression and suppressive function of Tregs

Most of the MG patients in our study were treated with prednisone or other
immunosuppressive drugs, and it is conceivable that these drugs may have an effect on Treg
function. Therefore, we examined Treg suppressive function and FOXP3 expression in
subsets of patients on immunotherapy (n = 18) vs. patients who received no immunotherapy
(n =5). Firstly, there was no difference in the relative numbers of FOXP3-expressing cells
or the numbers of CD4*CD25MINCD127!9W/~ cells within the CD4™ T cell pool in
immunosuppressed vs. immunosuppression-naive patients (data not shown). Secondly, there
was no significant reduction in the magnitude of Tresp cell proliferation (in the absence of
Tregs) in the MG patients on immunotherapy (Fig. 7); rather there was a trend for higher
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levels of baseline proliferation, perhaps explained by enhanced disease severity in patients
requiring immunosuppressive drugs. Importantly, isolated CD4*CD25N9"CD127'°W/~ cells
from immunosuppression-naive MG patients demonstrated a significantly lower cellular
expression of FOXP3 (Fig. 7A), and more effectively suppressed Tresp cell proliferation
(Fig. 7B), compared to their immunosuppressed counterparts. While the numbers of patients
not receiving immunosuppressive treatment is small, the data suggests that rather than
impairing the function of Tregs, immunosuppressive therapy actually enhances Treg-
mediated suppression and FOXP3 expression.

Finally, we analyzed whether there was a correlation between clinical measurements and
Treg function. We observed a significant (p< 0.05) inverse correlation between manual
muscle testing scores (MMT) scores (higher score indicates more severe disease) and the
suppressive capacity (% suppression) of Tregs (Fig. 7C). We observed no correlation
between Treg suppressive function and serum anti-AChR antibody titers (data not shown).

4. Discussion

A prominent role for Tregs in the maintenance of immune tolerance has been emphasized
recently, with evidence suggesting reduced numbers or function of these cells in
autoimmune diseases [32-34], including MG [10-14]. Previous studies examining Tregs in
human MG have reported conflicting results, but have only investigated the relative numbers
and function of cells expressing the I1L-2 receptor a-chain (IL-2Ra chain or CD25) or
CD4*CD25MaN cells, in which the findings were likely obscured by the presence of
contaminating non-Treg cells expressing CD25. Along these lines, it has recently been
shown that activated/memory cells expressing high CD127 are also present within the
CD4*CD25M9" T cell population, potentially confounding the classical functional assays for
measuring CD4*CD25M9" Treg suppressive function [16,17]. Therefore, the present study
utilized CD127 expression (CD127 !°W/-) to identify and eliminate these cells. To our
knowledge, this is the only study to utilize this strategy to investigate immune regulatory
function in MG patients, thereby isolating a purer population of Tregs
(CD4*CD2s5NghcD127ow/-),

The number of Treg cells found in the peripheral blood of patients with autoimmune disease
is influenced by Treg development, persistence, and proliferation in the periphery, which in
turn are likely affected by disease status and the use of immunotherapy. Contrary to previous
reports (10-12), we found that the relative numbers of Tregs (based on FOXP3 expression
or CD4*CD25MINCD127°W/= phenotype) within the circulating CD4* T cell population was
not significantly different in MG patients compared to healthy controls. Furthermore, the
frequency of circulating CD4*CD25M3INCD1271°W/~ Tregs did not appear to differ in treated
vs. untreated MG patients. Our results are in agreement with a more recent study showing no
significant alterations in the numbers of Treg cells in the peripheral blood of patients with
MG [35], and similar studies showing no difference in the frequency of CD4*CD25M9" cells
in patients with multiple sclerosis [36] and type 1 diabetes mellitus [37].

In our studies, circulating CD4*CD25MINCD127!9W/~ (Tregs) cells from healthy controls
effectively suppressed the proliferation of Tresp cells in a dose-dependent fashion (Fig. 1C).
In contrast, Tregs from patients with MG showed an impaired ability to suppress the
polyclonal proliferation of co-cultured autologous Tresp cells. We did not observe any
significant enhancement of the intensity of anti-CD3-induced proliferation in MG patients
compared to control subjects. We further investigated the source (Treg intrinsic?) of the
suppressive defect by co-culturing Tregs from MG patients with allogeneic Tresp cells from
control subjects, and Tregs from controls with Tresp from MG patients. We found that Tregs
from MG patients were poor suppressors of Tresp proliferation whether co-cultured with
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autologous or normal control Tresp cells. In contrast, Tregs isolated from healthy controls
were potent suppressors of both polyclonal and AChR-activated Tresp cells from MG
patients, which were minimally suppressed by autologous MG Tregs. While control Tregs
mediated a somewhat less potent suppression of MG Tresp cells (compared to their effects
on autologous Tresp cells), the suppressive effect was significantly more robust compared to
MG Tregs (Fig. 4). In sum, these experiments indicate that the observed impaired
suppressive function of MG Tregs is predominantly due to an intrinsic Treg cell defect,
although further studies are required to definitively determine the potential additional
contribution of resistance of MG Tresp cells to suppression.

The efficiency of the Treg system is at least partially a consequence of Treg expression of a
T cell receptor (TCR) repertoire that is biased toward self-recognition [39], so that the
frequency of Treg precursors that target self-proteins is very high. These same attributes,
however, may backfire when FOXP3 expression is attenuated in a subset of Tregs perhaps
causing these cells to become autoreactive upon activation. Therefore, investigation of Treg
suppression of autoantigen-specific T cell responses is of particular interest in the
investigation of the role of Tregs in autoimmunity. We therefore specifically investigated
whether Tregs from MG patients have a reduced ability to suppress AChR-reactive T cells.
While the number of circulating AChR-specific T cells is obviously low, previous
investigators have identified “myasthenogenic” AChR peptides that induce T cell
proliferation in many patients with MG [20,21]. Using these peptides in Tresp:Treg co-
culture experiments, we found consistent AChR-a-induced T cell proliferation in most MG
patients (albeit to a limited extent), while observing no significant proliferation in our
control samples. Significantly, CD4*CD25M"CD127!°W/~ Tregs showed virtually no
activity in suppressing AChR-a-induced T cell proliferation in MG patients. The level of T
cell proliferation induced by AChR-a peptide was low in MG patients, as might be expected
due to the low frequency of circulating AChR-specific T cells. The absent or very limited
proliferative response to AChR-a peptides in healthy control subjects precluded a relevant
set of comparison data for these experiments. However, our findings in which Tregs from
control subjects clearly suppress AChR-a-stimulated Tresp from MG patients (in which MG
Tregs were not suppressive) provide a relevant ‘control” for these studies, and suggest that
Tregs from healthy controls effectively suppress even very low frequencies of antigen
(AChR)-specific T cell proliferation. These results indicate that suppression of AChR-
specific T cell responses is impaired in MG patients, and, as is the case for polyclonal
activation, the defect appears to be primarily Treg intrinsic.

The transcription factor forkhead box protein P3 (Foxp3) is predominantly expressed in
CD4*CD25* Treg cells and is the master regulator for the development and function of
these cells [23]. Mutations of the FOXP3gene in humans results in an X-linked clinical
syndrome characterized by immune dysregulation, polyendocrinopathy, and enteropathy
(IPEX) [39]. It has been generally thought that FOXP3 expression serves as an “on-off”
switch endowing T lymphocytes with suppressive ability. However, emerging evidence [40],
including our own work showing an association between attenuated FOXP3 expression in
Tregs and human autoimmune disease, suggests a paradigm in which alterations in its
expression in lymphocytes may lead to loss of immune tolerance in a dose-dependent
manner. Recent studies have shown that reduced or aberrant FOXP3 expression is correlated
with Treg dysfunction [32,41]. We demonstrate herein that FOXP3 expression is
significantly reduced in peripheral Tregs (CD4*CD25MINCD127!9W/ cells) in MG patients
at both the protein and mRNA levels. Interestingly, Balandina et. al.[42] have reported
reduced FOXP3 expression in myasthenic thymocytes also associated with impaired
function of thymic Treg cells. Genetic alterations in the FOXP3gene as observed in IPEX
patients are associated with reduced numbers of FOXP3™* Tregs or impaired Treg function,
depending on the type of mutation[43]. It is not yet known if FOXP3 polymorphisms or
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alterations in genes that indirectly influence FOXP3 expression are associated with
susceptibility to MG. However, it may be hypothesized that such genetic alterations could
potentially affect Tregs in the periphery or Treg development in the thymus. An alteration in
Treg generation in the thymus is suggested by our findings of a reduced percentage of
circulating naive and RTE Tregs, which is particularly intriguing given the high incidence of
thymic pathology (hyperplasia and neoplasia) in MG. Future studies in which the expression
levels of FOXP3 in Treg subsets (thymic derived vs. peripherally induced, naive vs
memory) are specifically analyzed and correlated with thymic pathology will help to more
definitively localize the potential source of the defect in FOXP3 expression in MG patients.
Two important features of FOXP3* Tregs are that they constitutively express cytotoxic T
lymphocyte antigen 4 (CTLA-4), which is only expressed after activation in other T cell
subsets [44], and that FOXP3 controls the expression of CTLA-4 in Tregs [45,46]. In our
study, a significantly lower proportion of isolated Tregs from MG patients expressed
CTLA-4, presumably as a consequence of the attenuation of FOXP3 expression with
resultant impaired suppressive function. We also found a reduced number of Tregs
expressing HLA-DR in MG patients. MHC Il expression on human Tregs has been reported
to identify a distinct population of Tregs with high FOXP3 expression and with the
capability to mediate strong contact-dependent suppression [29]. HLA-DR expressing Tregs
have thus been hypothesized to be involved in homeostatic maintenance of Treg cells in
vivo via presentation of self-antigens [29], so that a deficiency in this subset of Tregs may
impact on tolerance to self-antigens like the AChR.

We further investigated the possible mechanisms of immune regulatory dysfunction in MG
by examining cytokine profiles from cell-free culture supernatants obtained from our T cell
proliferation/suppression assays described above. As expected, cultured Tresp cells from
MG patients produced increased levels of IL-6 and IFN-v, and reduced levels of I1L-10
compared to controls. Interestingly, when Tregs were added to the cultures, IL-6 and I1L-17
levels actually increased in MG patients (and I1L-10 levels did not increase), confirming a
functional inability to suppress the production of pro-inflammatory cytokines by MG Tregs.
Not only is IL-6 a critical cytokine in the pathogenesis of MG (46), but it also directly
inhibits Treg function [48]. Binding of IL-6 and IL-23 to their respective receptors leads to
the activation of the STATS3 transcription factor, which in turn induces expression of
ROR1t, a key molecule in determining a Th17 fate [48]. It has recently been shown that
human FOXP3* Treg cells can differentiate into 1L-17 producing cells upon TCR
engagement in the appropriate cytokine milieu [48]. Therefore, it is possible that Treg cell
plasticity (conversion to pathogenic Th17 cells) may underlie the functional disturbance in
MG Tregs. Further investigation including examining cytokine profiles from isolated Tregs
alone, additional cytokine assessments (IL-1pB, 1L-2, IL-21, IL-23), and assessing the
expression of the orphan nuclear receptor RORyt in isolated Tregs may help clarify this
issue.

Along these lines, it has been reported that Foxp3*Helios™ Tregs are functionally stable and
do not produce inflammatory cytokines upon stimulation or expansion [24]. Our finding of a
enhanced proportion of Foxp3*Helios™ Tregs amongst the CD4*CD25M9hCD127!oW/- cells
isolated from MG patients compared to controls points to a potential mechanism whereby
enhanced plasticity of these cells results in their production of pro-inflammatory cytokines.
This hypothesis remains to be definitively demonstrated, but is partially substantiated by our
observation of an increase in IL-17 and IL-6 levels in T cell culture supernatants after the
addition of MG Tregs, suggesting that the added Tregs either produced IL-6 and IL-17
themselves, or enhanced production of these cytokines by Tresp cells. Again, future
experiments are planned in which cytokine production in isolated Treg cells alone will be
assessed.
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We found no difference in TGF-p levels in culture supernatants from the T cell proliferation
experiments, suggesting that TGF-f was not involved in the observed Treg dysfunction in
MG patients. Similarly, we have found that IL-10, and not TGF-B, is required for in vitro
Treg suppression of AChR-stimulated T cell responses in experimental MG [50-52].

The majority of the patients in this study were treated with prednisone or other
immunosuppressant drugs, and it is conceivable that these agents may affect Treg function.
While our subset analyses were limited by small numbers of immunosuppression-naive
patients, we found that Treg function and FOXP3 expression were actually less impaired in
patients treated with immunosuppressive drugs compared to patients who were
immunosuppression-naive. While this is in agreement with another report [53], definitive
determination of the effects of immunomodulatory treatments on Treg numbers and function
in MG will require longitudinal studies in larger numbers of patients. Nonetheless, our
findings and previous reports argue that the demonstrated Treg alterations are not an artifact
of immunosuppressive treatment. In addition, we found that Treg suppressive capacity was
also correlated with disease severity as measured by manual muscle testing. These findings
suggest that the observed defects are clinically relevant and that tracking Treg function and
phenotype may become a useful measure of efficacy for some MG treatments, possibly
providing a much-needed therapeutic biomarker.

5. Conclusion

Taken together, our studies indicate that impaired immune regulation is present in patients
with MG, characterized by defects in suppressive function and expression of FOXP3 in
CD4*CD25MIhCD127'9W/~ cells, without a significant deficiency in circulating numbers of
FOXP3-expressing Tregs. Treg-mediated suppression of polyclonal and autoantigen
(AChR)-specific T cell responses is impaired in MG, associated with altered levels of IL-6,
IL-17, IFN-vy, and IL-10. This demonstrated immune regulatory defect appears to correlate
with disease severity and is notably less severe in patients treated with immunosuppressive
drugs. These findings reveal immune regulation defects that likely contribute to the loss of
immune tolerance to the AChR in MG. Our results suggest that this defect primarily resides
within the isolated population of CD4*CD25M3INCD127!1°W/- cells, and may potentially be
due to instability of FOXP3 expression in these cells and conversion of Treg cells to Th1,
Th2 or Th17 effectors, a hypothesis that will require further study. While it is not yet clear
whether Treg dysfunction plays a direct causal role in MG, it may provide a general
explanation for why tolerance against auto-antigens becomes imbalanced, leading to
enhancement of an individual’s susceptibility to autoimmunity. A general dysfunction of
immune regulation may also explain the co-occurrence of different autoimmune diseases
and the simultaneous presence of distinct autoantibodies in MG patients [54]. Further studies
are needed to further localize and define the nature of the Treg dysfunction in MG, with
correlations to relevant clinical disease parameters, most notably, autoantibody profiles and
thymic pathology.
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Figure 1.

Pugrification and Jn vitro suppressive function of CD4*CD25N9"CD127!°W/~FoxP3* Treg.
(A) Fluorescence-activated cell sorter (FACS) gating strategy used to isolate Treg and Tresp
in PBMC:s of healthy control. PBMCs were stained using CD4-APC, CD25-PE, and CD127-
PECy7 antibodies and sorted by flow cytometry. First, a primary gate was set on live
lymphocytes according to their forward/sideward scatter properties, and a secondary gate
was set on the CD4* population. Within the CD4* T-cell population, Tregs were identified
as CD4*CD25MIhCD127'9W/~ whereas Tresp were isolated as CD4*CD25~ cells. (B) To
verify the purity of sorted Tregs, the cells were fixed-permeabilized, stained with anti-
Foxp3, and analyzed by flow cytometry. Scatter plots revealed that sorted Treg were > 90%
pure. (C) To examine sorted Treg suppressive function /n vitro, varying ratios of Tresp :
Treg (1:0, 1:0.5, 1:1) were co-cultured (CFSE-labeled Tresp cells) in the presence of
irradiated APCs and stimulated with anti-CD3 antibodies. Representative CFSE dilution
plots illustrate sorted Treg cells were highly suppressive in a dose-dependent fashion in
functional suppressor assays.
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Figure2.

MG Tregs fail to suppress polyclonal and antigen-specific T cell proliferation. CFSE-labeled
Tresp cells were co-cultured with/without equal numbers of sorted
CD4*CD25MI"CD127'oW/= cells, and stimulated with anti-CD3 antibodies or AChR-a
peptides in the presence of irradiated APCs as described in Materials and methods. (A)
Representative flow cytometry plots illustrate CFSE dilution profiles of anti-CD3 driven T
cell proliferation in single healthy control and MG patient. Dot plot depiction of
proliferation index (B) in T lymphocyte cultures (1:0 indicates Tresp cells cultured alone;
1:1 indicates Tresp/Treg co-cultured at 1:1 ratio), and percentage of Treg suppression (C)
for MG patients (n =23) and healthy controls (h =22). (D) Flow cytometry dot plots
illustrating CFSE dilution profiles for AChR-a subunit peptide [aa 195-212] stimulated T
cell proliferation in a single healthy control and MG patient. (E) and (F) Percent
proliferation in T lymphocyte cultures for stimulation with (E) AChR-a peptide [aa
195-212] (n = 20 MG patients and 20 healthy controls); and (F) AChR-a peptide [aa
257-269] (n = 19 MG patients and 19 controls) are shown.
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Figure 3.

Attenuated FOXP3 expression in Treg cells from MG patients. Sorted
CD4*CD25MIhCD127!9W/~ Tregs were fixed and permeabilized, stained with anti-Foxp3/
Helios and analyzed by flow cytometry. (A) Representative flow cytometry dot plot depicts
the intensity of intracellular FOXP3 protein expression in Treg cells from an MG patient and
an age-matched healthy control. (B) The bar diagram shows intensity of intracellular FOXP3
protein expression in Tregs in MG patients (n =24) and controls (n = 24). FOXP3 mRNA
expression was determined by Multiplex PCR. Total RNA, extracted from sorted
CD4*CD25MINCD127'9W/~ Treg cells from normal healthy controls (n=5) and MG patients
(n=5), was reverse transcribed and a 158bp fragment corresponding to FOXP3 was
amplified and separated on a 2% agarose gel. Gels were densitometrically scanned and
cDNAs were normalized to that of p-actin, which was coamplified along with the cDNA of
interest. (C) Representative gel from MG patient and control. (D) Bar diagram showing
relative FOXP3 mRNA expression in isolated Tregs from MG patients compared to healthy
controls. (E) Representative flow cytometry dot plot depicts Helios and FOXP3 protein co-
expression in Treg cells from an MG patient and an age-matched healthy control. (F) Bar
diagram showing intensity co-expression of Helios and FOXP3 protein in Tregs in MG
patients (n =14) and controls (n = 14).
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Figure4.
Defect in suppression of T cell proliferation in MG is primarily intrinsic to isolated Tregs.
Experiments in which T cell subsets from MG patients and healthy controls were “cross-
cultured” as described in “Materials and methods” are shown. Treg cells from MG patients
fail to suppress anti-CD3 induced proliferation in Tresp cells from healthy controls (A and
C), while Tregs from healthy controls effectively suppress Tresp from MG patients (B and
D). Tregs from healthy controls suppress AChR-a peptide induced proliferation of Tresp
from MG patients, whereas autologous MG Tregs mediate only minimal suppression (E,F,G

and H).
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Figureb5.

Phenotypic characterization of CD4*CD25MI"CD127'°W/~ Tregs in MG patients vs healthy
controls. Cell staining was performed as described in “Materials and methods.”
Representative flow cytometry plots and bar diagrams showing the percentage of CD45RA*
(A), CD31" (B), CD45RO™ (C) Treg cell subsets; percentage of cells expressing HLA-DR
(D) and CTLA-4 (E) in Tregs isolated from MG patients (n=14) and control subjects (n=14).
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Defective Treg suppressive function in MG patients is associated with elevated levels pro-
inflammatory cytokines and failure to up-regulate the production of IL-10. The cytokines
IL-6 (A), IL-17 (B), INF-y (C), IL-10 (D) and TGF-B (E) were measured in the supernatants
of the proliferation assays from anti-CD3 stimulated cultures after 4 days of proliferation.
Respective cytokine levels are plotted for Tresp (CD4*CD257) cultures (1:0) and Tresp/
Treg co-cultures (1:1) for MG patients (n = 15) and healthy controls (n = 14). Significant

differences are indicated.
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Figure7.

Clinical Correlations of FOXP3 expression and suppressive function of Tregs. FOXP3
expression (MFI) in CD4*CD25N9"CD127!°W/~ Tregs (A), and percentage suppression of
Tresp proliferation by Tregs (B) was determined in 5 patients who were immunosuppression
naive (MG-IS naive) and 18 patients who were treated with immunosuppression (MG + IS).
Immunosuppressive treatment was associated with increased FOXP3 expression and Treg
suppression of Tresp cell proliferation. (C) An inverse correlation was found between
manual muscle testing (MMT) scores and the percentage of Tresp suppression (n=20) with a
Spearman’s correlation coefficient of r = —0.443 (p < 0.05).
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