
Isolation and characterization of human interleukin-10–secreting
T cells from peripheral blood

Graziella Mazzaa, Catherine A. Sabatos-Peytona, Rachel E. Protheroea, Andrew Hermana,
John D. Campbella, and David C. Wraitha,*

aDepartment of Cellular and Molecular Medicine, University of Bristol, School of Medical
Sciences, University Walk, Clifton, Bristol, United Kingdom
bMiltenyi Biotec Limited, Almac House, Bisley, Surrey, United Kingdom

Abstract
Recent studies have expanded our understanding of the role of the anti-inflammatory cytokine
interleukin (IL)–10, produced by multiple lineages of both human and murine T cells, in
regulating the immune response. Here, we demonstrate that the small percentage of circulating
CD4+ T cells that secrete IL-10 can be isolated from human peripheral blood and, importantly, we
have optimized a protocol to expand these cells in both antigen-specific and polyclonal manners.
Expanded CD4+IL-10+ T cells abrogate proliferation and T helper (Th) 1–like cytokine production
in an antigen-specific manner, and to a lesser extent exhibit bystander suppressive capacity.
CD4+IL-10+ T cells are suppressive in a cell contact–dependent way, though they do not require
secretion of IL-10 for their suppressive role in vitro. CD4+IL-10+ T cells have an activated
phenotype, with high expression of CD25, CD69, and cytotoxic T-lymphocyte antigen-4, and are
largely FoxP3 negative. This novel method for the isolation and expansion of suppressive IL-10–
secreting T cells has important implications both for further research and clinical therapeutic
development.
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1. Introduction
The selection of a broad T-cell repertoire during thymic development introduces the
potential of self-reactive T cells. Many of these are dealt with during central tolerance, either
by deletion of T cells with a high receptor affinity for self, or the selection of CD25+FoxP3+

(forkhead box protein 3) natural regulatory T cells (nTregs) [1], which afford protection in
the peripheral immune system. Because of the incomplete nature of central tolerance,
multiple mechanisms of peripheral tolerance exist, including induction of anergy or
apoptosis, immune deviation and sequestration, and the expansion of regulatory populations,
including transforming growth factor (TGF)-β–secreting T helper (Th) 3 cells [2], TGF-β–
induced FoxP3+ cells [3], and interleukin (IL)-10–secreting regulatory cells [4-6]. Although
IL-10 was initially described in Th2 cells [7], it has since emerged as a potent anti-
inflammatory cytokine produced by multiple cell lineages. Both human and murine IL-10–
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secreting cells can be elicited in vitro by antigen stimulation in the presence of excess IL-10
[6], IL-10 and interferon-α (IFN-α) [8], vitamin D3 and dexamethasone [9-11], anti-CD3/
CD46 [12], or immature dendritic cells (DCs) [13]. In vivo, chronic exposure to antigen
[5,14-17] or infection [18,19], repeated administration of superantigen [20,21], and
treatment with immunosuppressive agents [22,23] generate anergic IL-10–secreting cells.
IL-10–secreting T cells can play a role in suppressing effector responses to autoimmune [24]
or allergic [25] diseases, chronic infections [26], and transplantation [27,28]. In animal
models of the autoimmune disease multiple sclerosis, IL-10–deficient mice have
exacerbated disease [29,30], whereas mice transgenic for human IL-10 are protected [31].
Despite differences in induction protocols and subsequent cytokine profiles, all of these
IL-10–secreting cells demonstrate regulatory activity with hyporesponsiveness in vivo.

Recent evidence has shown that IL-10–secreting regulatory cells can be derived from
effector Th1 cells and dampen immune pathology in a range of chronic infections in mice
and in human beings [32]. Furthermore, our group has shown that chronic administration of
peptide antigen leads to the development of IL-10–secreting regulatory cells derived from T-
bet–expressing Th1 precursors [33]. These cells can suppress autoimmune disease in an
IL-10–dependent manner [5].

Previous studies have identified IL-10+ T cells in human peripheral blood by expression of
specific cell surface proteins on CD4+ T cells. Naive CD4+CD45RA+ T cells were found to
secrete low levels of IL-10, with a significant increase in the CD4+CD45RA− memory
population [34]. Recent work has demonstrated the phenotype of human peripheral blood
mononuclear cells (PBMCs) sorted according to naive and memory, and then CD25 and
CD127 (IL-7R), populations, showing that the IL-7R− subset cosecreted IFN-γ and IL-10
and suppressed naive cells in coculture to a degree, in an IL-10–dependent fashion [35].
However, these studies were hampered by the high percentage of dead cells found after
activation of this subset [36]. We therefore took the approach of specifically isolating
IL-10–secreting T cells from PBMCs strictly according to IL-10 secretion as opposed to
population markers. A recent study has used similarly isolated cells to examine the IL-10
locus during homeostatic expansion of selected IL-10–secreting T cells [37]. Herein, we
describe the phenotype of IL-10–secreting T cells expanded by antigen-specific and
polyclonal stimulation. These IL-10–secreting T cells are both anergic and suppressive, in a
cell-contact–dependent manner, and represent the human equivalent of IL-10–secreting
regulatory T cells derived from effector T-cell populations.

2. Subjects and methods
2.1. Reagents

Human myelin basic protein (MBP) was prepared from brain white matter as previously
described [38], with purity > 95% as assessed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. Mycobacterium tuberculosis–purified protein derivative (PPD; UK Central
Veterinary Laboratory, Surrey, UK) and MBP were used at previously determined optimal
concentrations of 50 μg/mL. Anti-CD3/CD28 Dynabeads (Invitrogen, San Diego, CA) were
always used at a concentration of 1.25 μl/106 cells of culture, which equates to 1 bead per
20 cells. CD4 (RPA-T4), CD127 (hIL-7R-M21), CD152 (BNI3), and CD69 (FN 50)
antibodies were sourced from BD Biosciences (Franklin Lakes, NJ); CD25 (4E3) from
Miltenyi Biotec (Bergisch Gladbach, Germany); and FoxP3 (PCH101) from eBioscience
(San Diego, CA). Complete RPMI refers to RPMI 1640 supplemented with 2 mM
glutamine, 50 U/mL penicillin, 50 μg/mL streptomycin and 20 μM HEPES buffer (Cambrex
BioScience, East Rutherford, NJ), and culture medium was complete RPMI supplemented
with 10% autologous, heat-inactivated plasma or AB serum (National Health Service Blood
and Transplant, Bristol, UK). MACS buffer comprised phosphate buffered saline (PBS) with
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0.5% AB serum (or autologous plasma) and 2 mM ethylenediamine tetraacetic acid (Sigma-
Aldrich, St. Louis, MO). FACS buffer was composed of PBS with 2% AB serum (or
autologous plasma) and 2 mM ethylenediamine tetraacetic acid; FACS staining buffer was
the same, but with 20% AB serum (or autologous plasma). Recombinant human IL (rhIL)-2
and rhIL-15 were from R&D Systems (Minneapolis, MN). Recombinant human IL-10
soluble receptor alpha (rhIL-10sRα) was obtained from R&D Systems.

2.2. Cell isolation
Healthy volunteer blood donors were recruited by advertisement from members of staff
within the University of Bristol. Volunteers gave written informed consent, as approved by
the Salisbury and South Wiltshire Research Ethics Committee (REC reference number: 05/
Q2008/23). About 100 mL of peripheral blood was collected into citrate-phosphate-dextrose
anticoagulant solution with adenine (Sigma-Aldrich) at a ratio of 1:9 of citrate-phosphate-
dextrose anticoagulant solution with adenine to blood. PBMCs were isolated by density
centrifugation on Histopaque-1077 (Sigma). Clear plasma was collected and heat inactivated
for subsequent use as autologous plasma. After density centrifugation, the interface was
collected and washed several times to remove platelets by resuspending in 20 mL cold
MACS buffer, spinning at 130 g for 10 minutes at 10°C and discarding the supernatant.
After centrifugation, a proportion of cells were set aside for overnight culture without
stimulation and were frozen the following day in 50% plasma, 40% complete RPMI, and
10% dimethylsulphoxide (Sigma-Aldrich) for subsequent use as antigen-presenting cells
(APCs) or naive responders.

2.3. IL-10 secretion assay and cell sorting
After density centrifugation, PBMCs were resuspended in culture media and stimulated with
CytoStim (Miltenyi Biotec) as per manufacturer’s instructions for 16 hours at 37°C, 5%
CO2. For cell counting/dead cell analysis studies, after CytoStim treatment, cells were spun
and subjected to a Dead Cell Removal Kit (Miltenyi Biotec) as per manufacturer’s
instructions. A Miltenyi Biotec human IL-10 Secretion Assay [Cell Enrichment and
Detection (PE) Kit] was then performed according to manufacturer’s instructions. For the
altered procedure optimized to select live IL-10+ cells, cells were harvested after CytoStim
treatment, and CD4+ T cells were purified by negative selection (Miltenyi Biotec) according
to manufacturer’s instructions (CD4+ purity typically 90%-95%). The IL-10 Secretion Assay
was performed up to and including the labeling with IL-10–PE detection antibody, and cells
were subsequently stained with via-Probe (7-amino-actinomycin D, 7-AAD; BD
Biosciences) and sorted on a BD FACSVantage Cell Sorter (BD Biosciences) on the basis of
IL-10+7-AAD− cells. IL-10−7-AAD− cells were also collected as controls.

2.4. T-cell expansion and proliferation assays
Isolated CD4+IL-10+ T cells were expanded via stimulation with either PPD (50 μg/mL)
and irradiated PBMCs for use as APCs (at a ratio of 1:5 T cells:APCs) or anti-CD3/CD28
Dynabeads in the presence of rhIL-2 (60 U/mL) and rhIL-15 (10 ng/mL) in 48-well culture
plates (Corning, Corning, NY). Cells were split and supplemented with culture medium and
IL-2/IL-15 as required. At days 10–14 of culture, resting cells were either restimulated (as
described earlier) or used for proliferation assays. To assess proliferation, 1 × 106

autologous responder PBMCs were cultured with or without varying ratios of expanded
IL-10+CD4+ T cells with antigens PPD (50 μg/mL), MBP (50 μg/mL), anti-CD3/CD28
Dynabeads or no antigen in 48-well plates. For transwell assays, cells were cultured in 24–
well plates (Corning) with populations separated by high pore density cell culture transwell
inserts (Falcon Transwell, BD Biosciences). To assess the role of IL-10 in suppression,
rhIL-10sRα (1 μg/mL) was added to block signaling via this cytokine. Supernatant (50 μl)
was taken on day 2 of culture and frozen for subsequent cytokine measurements. Between
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days 4 and 9 of culture, duplicate aliquots of 100 μl were harvested from wells (top well for
transwell assays) and transferred to 96-well round bottomed microtiter plates (Corning) and
pulsed with 0.5 μCi [3] [H]-thymidine (Amersham International, Buckinghamshire, UK).
After 18 hours, cells were harvested onto glass fibermats (LKB-Wallac, Turku, Finland)
using a Mach III Harvester 96 (TomTec, Hamden, CT). Fibermats were dried under a heat
lamp, and Meltilex melt-on scintillation sheets (Wallac) were applied. Radioactivity was
measured on a liquid scintillation β-counter (1450 Microbeta; Wallac), and data are
expressed as corrected counts per min (ccpm). Percent suppression was calculated as ccpm
suppression coculture/ccpm positive-control culture × 100 = X; suppression was expressed
as 100 - X%.

2.5. Flow cytometry
To determine the percentage of CD4+IL-10+ cells in selected populations, cell fractions were
washed in FACS buffer and surface stained for 20 minutes at 4°C in FACS staining buffer
with anti-CD4FITC and anti-IL-10PE. For IL-10+ cell line phenotyping, selected IL-10+ T
cells (or naive PBMCs as controls) were expanded for one round of activation with anti-
CD3/CD28, rhIL-2, and rhIL-15 (as described earlier) and were frozen. Cells were thawed
and reactivated with anti-CD3/CD28 beads for 1, 5, and 13 days. For cell surface staining
for CD4, CD69, CD127, CD25, and cytotoxic T-lymphocyte antigen (CTLA)-4, cells were
harvested, washed in FACS buffer and stained for 20 minutes at 4°C in FACS staining
buffer at appropriate dilutions. For intracellular staining for Fox-P3, the anti-human FoxP3
staining kit (eBioscience) was used as per manufacturer’s instructions. Briefly, cells were
stained with surface CD4 antibody as described previously, fixed and permeabilized (30
minutes at 4°C, buffer from kit), and washed twice in FACS buffer and twice in
permeabilization buffer (from kit). Cells were stained in 100 μl permeabilization buffer and
20 μl anti-human FoxP3 at 4°C for 30 minutes, and then washed in permeabilization buffer.
Fluorescence intensity was measured on a BD FACScan, BD FACSCalibur, or BD LSRII
Flow (BD Biosciences) and analyzed using FlowJo (Tree Star, Inc., Ashland, OR) FACS
analysis software or FCS Express software (DeNovo Software, Ontario, Canada).

2.6. Cytokine protein levels
Supernatant cytokine concentration was quantified by Cytometric Bead Array assay using
the Human Th1/Th2 kit (BD Biosciences) per manufacturer’s instructions. Standards were
used corresponding to 5 ng/mL-20 pg/mL of each cytokine, and fluorescence intensity was
measured on a BD FACS Canto flow cytometer and analyzed using BD FACS Diva
software (BD Biosciences).

2.7. Statistics
Student’s t test (unpaired, two-tailed) or one-way analysis of variance for multiple
comparisons (followed by Bonferroni’s or Dunnett’s Multiple Comparison test where
appropriate) was used to establish significance for IL-10–secreting cell purification
experiments and suppression assays.

3. Results
3.1. Purification of IL-10–secreting T cells from human peripheral blood

To determine whether IL-10–secreting CD4+ T cells could be isolated from peripheral
blood, we first separated PBMCs from whole blood of healthy volunteers by density
centrifugation. These cells were stimulated overnight with the Miltenyi reagent CytoStim, a
pan-cytokine stimulus which activates T cells by crosslinking T-cell receptor with major
histocompatibility complex molecules on APCs. Optimization studies determined that
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maximal IL-10 secretion was achieved at 16 hours post-activation with CytoStim (1, 2, 4,
and 16 hours tested; data not shown). Initially, we used the Miltenyi Human IL-10 Secretion
Assay Cell Enrichment and Detection Kit to isolate IL-10–secreting T cells after stimulation.
Briefly, cells were harvested after 16 hours and dead cells were removed via the Dead Cell
Removal Kit (Miltenyi). Cells were then labeled with IL-10 catch reagent, a double-ended
anti-CD45/anti-IL-10 capture antibody, which coats the surface of T cells to capture secreted
IL-10 during a subsequent secretion phase. IL-10–secreting cells were then detected with an
anti-IL-10–PE antibody followed by anti-PE-MicroBeads for selection; the IL-10–labeled
cells were positively selected on a Miltenyi MS magnetic column. The IL-10+–labeled cells
were eluted from the column and counted by trypan blue exclusion. We found that a starting
PBMC pool of 1.81 ± 0.64 × 106 cells/mL peripheral blood (mean ± standard deviation
[SD]; n = 7; all data represented refer to average numbers for noted “n” number of
individuals) yielded 4.96 ± 2.02 × 103 IL-10+ T cells/mL blood, meaning that 0.32 ± 0.24%
of the initial PBMC pool was isolated as IL-10+ T cells (Table 1). Flow-cytometric analysis
of the selection procedure demonstrated that the small percentage (0.56% in a representative
FACS plot; Figure 1A) of CD4+IL-10+ T cells seen in whole PBMCs after 16-hour
treatment with CytoStim was significantly enriched after column selection with greater than
90% of selected cells found to be CD4+IL-10+ (representative plot in Figure 1A). However,
the forward scatter/side scatter (FSC/SSC) plot of the IL-10–positive selected fraction versus
the whole PBMC and IL-10–negative fraction plots showed an increase in low FSC/SSC
cells, typically regarded as a “dead cell” population (black arrow, Figure 1A). Indeed, we
found a viability of only 6.83 ± 18.08% for isolated IL-10+ cells counted by trypan blue
exclusion, suggesting that the vast majority of cells in the isolated IL-10+ fraction were dead
after column selection. This was confirmed by cell viability staining with 7-AAD (which
intercalates in double-stranded DNA but can only enter cells with compromised
membranes), which revealed only 1.74 ± 1.00% 7-AAD–positive cells in whole naive
PBMCs and 2.31 ± 1.40% of the CytoStim-treated PBMCs, but 35.27 ± 11.31% 7-AAD
positively stained IL-10+ column-selected cells, even when gating in FACS plot FSC/SSC
only on what typically would denote a “live cell” lymphocyte gate (Figure 1B, Table 1)
(mean ± SEM; n = 5; p < 0.05 when comparing IL-10+ cells to whole naive or CytoStim-
treated PBMCs). Furthermore, only 2.69 ± 1.41% of the nonselected (IL-10–negative) cells
were 7-AAD positive (Figure 1B, Table 1), suggesting that exposure to the selection
procedure or column alone did not result in enhanced cell death.

Given the high percentage of dead cell contamination in the IL-10+ fraction post-column
isolation, we modified the manufacturer’s protocol in two key ways, similar to that
described by Dong et al. [37]. PBMCs were treated with CytoStim as previously for 16
hours. Cells were then harvested, and CD4+ T cells were first purified by negative selection
before the IL-10 Secretion Assay. With a starting population of 1.70 ± 0.41 × 106 cells/mL
blood (mean ± SEM; n = 3), we used negative selection to isolate 4.4 ± 2.09 × 105 cells/mL
CD4+ T cells, or 25.20 ± 8.06% of initial PBMC count (Table 1). CD4+ purity was typically
90%–95% (Figure 1C; 94.2% CD4+ in representative histogram). IL-10–positive cells were
then isolated as per the IL-10 Secretion Assay protocol, up to and including the step of
labeling with anti-IL-10–PE. At this stage, cells were also labeled with viability dye 7-AAD
and then isolated by cell sorting according to live cells (7-AAD-negative) that expressed
IL-10 (IL-10–PE positive). IL-10–negative cells were also sorted as controls. The final yield
of CD4+IL-10+7-AAD− T cells was 1.08 ± 0.42 × 103 cells/mL, which is 0.062 ± 0.011% of
the initial PBMC count and 0.26 ± 0.08% of the starting CD4+ T-cell population (Table 1).
Although this yield was approximately five times less than that isolated by the column
selection, the purity was good (Figure 1C; 88.3% IL-10+ cells after sorting; note, IL-10–PE
labeling is purposely low to avoid contamination, and hence cells lose brightness by the end
of sorting, so it is likely that purity is even higher than that represented by this stain at the
end of sorting). Most importantly, the purified cells were not contaminated by dead cells, as
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demonstrated by the fact that sorted IL-10+ cells were both 7-AAD- and AnnexinV-negative
(Figure 1C). Therefore, starting with this highly pure population of live CD4+IL-10+ T cells,
we sought to expand their numbers through stimulation and also to assess their functional
phenotype.

3.2. Expanded IL-10–secreting T cells are anergic and can suppress naive cells in
coculture

To assess the phenotype and function of isolated IL-10+CD4+ T cells, we expanded the cells
through in vitro stimulation. It is well established that individuals who have been vaccinated
with Bacillus Calmette–Guérin mount a secondary response to stimulation with M.
tuberculosis–purified protein derivative (PPD). Therefore, we stimulated the IL-10+CD4+ T
cells (or IL-10− T cells as controls) with PPD (50 μg/mL) and irradiated whole PBMCs as
APCs, or used polyclonal anti-CD3/CD28 (1.25 μl/106 cells; 1 bead/20 cells used
throughout all experiments) stimulation of the CD4+IL-10+ T cells alone, in the presence of
cell growth and survival factors rhIL-2 (60 U/mL) and rhIL-15 (10 ng/mL), which have been
shown to induce proliferation of anergic, T regulatory type 1 (Tr1) cells [39]. One round
(RI) of expansion typically resulted in at least a 50-fold increase in IL-10+CD4+ T cells,
with an average 169 ± 73-fold (mean ± SD; n = 3) expansion. Cells were maintained as a T-
cell line (TCL) by restimulating resting cells (days 10–14) through a second round of
activation, with an average 4.5 ± 2.4-fold expansion. Thus, the IL-10 TCL retained viability
through expansion. The IL-10 TCL also retained IL-10 secretion through two rounds of
stimulation (Table 2; data given for anti-CD3/28 stimulation, but were similar for PPD
stimulation [data not shown]), though at a decreasing level. IL-10 TCL secreted tumor
necrosis factor (TNF)-α upon initial activation (Table 2), and high levels of IFN-γ
throughout culture, reminiscent of the phenotype seen in many types of induced IL-10–
secreting regulatory cells [10]. We routinely detected only low levels of IL-4 and IL-5 in
IL-10+ TCL, and TGF-β was not detected above background levels (data not shown).

We next sought to determine the functional phenotype of the expanded IL-10–secreting T
cells. Naive autologous PBMCs and the resting IL-10+ PPD-expanded TCL (day 10 post-
sort) were reactivated in vitro. The peak response to PPD for healthy donors typically occurs
between days 5–7 of activation (data not shown). While naive PBMCs proliferated strongly
in response to PPD stimulation at day 7 (~100,000 cpm), IL-10+ T cells were profoundly
anergic in response to restimulation with PPD (Figure 2A). These anergic IL-10+ T cells
also suppressed naive PBMC responders in coculture (93% suppression at a 2:1 ratio of
responders to IL-10+ T cells; all % suppressions given are for data from depicted
representative experiments), and this suppression titrated through to a ratio of 1 IL-10 cell to
16 responders (76% suppression; p < 0.01 for all suppressive cultures relative to positive
PBMC + PPD control culture) (Figure 2A). This suppressive phenotype extended to
polyclonal restimulation via anti-CD3/CD28 beads (Figure 2B), where IL-10+ T cells also
suppressed naive PBMCs at the peak day 4 response (95% suppression at a 2:1 ratio of
responders to IL-10+ T cells; p < 0.01 for all suppressive cultures relative to positive PBMC
+ beads control culture), though IL-10+ T cells on their own proliferated marginally in
response to the strong anti-CD3/CD28 stimulus (~20,000 cpm; Figure 2B). Furthermore,
IL-10+ T cells may partially suppress the response of naive PBMCs to a self-antigen, MBP.
It has previously been demonstrated that healthy subjects have autoreactive MBP-specific T
cells circulating in the blood and can mount a primary response to in vitro stimulation with
MBP [40,41]. At the peak day 9 response to MBP, there was a trend suggesting that IL-10+

T cells may partially suppress naive PBMCs (52% suppression at a 2:1 ratio of PBMCs to
IL-10+ T cells), though this suppression was not statistically significant (Figure 2C).

Taken together, these data demonstrate that IL-10+ T cells are anergic, though they can be
expanded in the presence of IL-2 and IL-15. Furthermore, these IL-10+ T cells broadly
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suppress the response of PBMCs to their own antigen (PPD), as well as to polyclonal (anti-
CD3/CD28) stimulation, and may partially suppress the response to a different antigenic
specificity (MBP). IL-10+ TCL eventually became nonsuppressive by the third or fourth
round of activation (data not shown) as IL-10 secretion decreased and IFN-γ secretion
increased.

3.3. Anergic IL-10+ T cells also suppress effector cytokine secretion
Selected IL-10+ T cells could also be initially expanded by polyclonal activation with anti-
CD3/CD28 beads (in the presence of IL-2 and IL-15) for two rounds of stimulation. Similar
to that seen for the PPD-specific IL-10+ TCL, the anti-CD3/CD28-expanded IL-10+ TCL
was anergic upon restimulation with beads (peak day 4 response) and suppressed naive
PBMCs in coculture (89% suppression at a 2:1 ratio of PBMCs to IL-10+ T cells) (Figure
3A).

To assess the cytokine secretion phenotype associated with this suppression, supernatant
was taken at day 2 of restimulation cultures and assayed by cytometric bead array. Th1
cytokines IL-2 (Figure 3B), IFN-γ (Figure 3C), and TNF-α (Figure 3D) were found to
directly correlate with the anergic and suppressive phenotypes, with high levels of these
three effector cytokines when naive PBMCs were stimulated on their own, which were
suppressed in the presence of IL-10+ T cells (Figure 3B-D). The IL-10+ T cells did not
produce any IL-2 themselves in response to restimulation with anti-CD3/CD28, and also
suppressed IL-2 in cocultures with naive PBMCs (Figure 3B). While some IFN-γ (~2,000
pg/mL) and TNF-α (~50 pg/mL) was secreted by IL-10+ T cells themselves, as seen in
supernatant from the TCL (Table 2), in response to anti-CD3/CD28 stimulation, the IL-10+

T cells did suppress the secretion of these cytokines by naive PBMCs, in response to anti-
CD3/CD28, to these “background” levels (Figure 3C, D). The IL-10+ T cells themselves
also secreted IL-5 (in response to restimulation) as did the naive PBMCs, and coculture
levels were at these background levels or enhanced (Figure 3E). IL-4 levels were very low
(<13 pg/mL) for all conditions (data not shown). In addition to the suppression of effector
cytokines, the IL-10+ T cells also secreted high levels of IL-10 when reactivated with anti-
CD3/CD28 (~2,200 pg/mL) and in coculture with naive PBMCs (Figure 3F). Less IL-10 is
seen with decreased ratios of IL-10+ TCL (i.e., PBMC: TCL 1:16, 1:32, and 1:64) given that
less IL-10–secreting cells were added to these cultures. Taken together, these data
demonstrate that IL-10+ T cells suppress Th1 effector cytokine secretion in naive PBMCs,
and have the phenotype often described for Tr1 cells [10], with secretion of IFN-γ, IL-5,
and IL-10.

3.4. IL-10+ T cells require cell-cell contact, but not IL-10, to mediate suppression in vitro
Previous studies have demonstrated that Tr1 cells suppress both primary and memory
responses through secretion of both IL-10 and TGF-β [6,8,39,42]. Given that our cells
secrete IL-10 and not TGF-β, we sought to determine whether active IL-10 secretion was
required to mediate the suppression observed by IL-10+ T cells on naive PBMCs. We
blocked IL-10 signaling by the inclusion of a recombinant human soluble IL-10 receptor
alpha (rhIL-10sRα). Resting IL-10+ T cells (expanded for two rounds of stimulation with
anti-CD3/CD28, IL-2, and IL-15) did suppress naive PBMCs in restimulation as seen
previously (p < 0.001 for PBMC+ IL-10TCL [3:1] culture relative to positive PBMC+ beads
control culture) (Figure 4A). This suppression was not affected by the addition of
rhIL-10sRα (p < 0.001; PBMCs+ rhIL-10sRα versus PBMCs+ IL-10TCL+ rhIL-10sRα)
(Figure 4A). We have seen in a distinct activation system using IL-10+ TCL that the
addition of rhIL-10sRα to cocultures does partially reduce suppression, demonstrating that
the recombinant receptor is sufficient to block IL-10 and can affect other roles of IL-10+

TCL (data not shown).
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Given the observation that IL-10 was not required to mediate suppression, and previous
work in murine models demonstrating that cell contact was required for in vitro IL-10 T
regulatory cell-mediated suppression [16,23], we used transwell porous membranes to
separate IL-10+ T cells from naive PBMCs to assess the role of cell contact in the
suppressive phenotype. We further compared the proliferation of naive PBMCs in the
presence of PPD-expanded IL-10+ or IL-10− T cells (day 13 post-sort). Naive PBMCs
proliferated robustly in response to PPD-stimulation when seeded in both the top and bottom
chambers of the transwell system (only top well proliferation measured; Condition 2, Figure
4B). This proliferation was suppressed when IL-10+ T cells were included in the top
chamber with naive PBMCs (73% suppression, Condition 3, Figure 4B; p < 0.01 relative to
Condition 2, positive control culture). However, when IL-10+ T cells were in the bottom
chamber, separated from the measured PBMCs by the porous membrane, proliferation of the
naive PBMCs was not suppressed (Condition 4, Figure 4B), indicating that secreted proteins
alone were not sufficient to suppress proliferation and that cell contact was required.
Furthermore, inclusion of IL-10− T cells in either the top (Condition 5) or bottom (Condition
6) chamber of the wells, did not suppress naive PBMC proliferation, demonstrating that
PPD-expansion alone was not sufficient to endow a suppressive phenotype and that
suppression required coincubation with the IL-10+ T-cell population (Figure 4B).

3.5. IL-10–secreting T cells have an activated phenotype
We further phenotyped these isolated IL-10–secreting CD4+ T cells by assessing cell surface
activation–associated proteins at several time points after polyclonal stimulation with anti-
CD3/CD28 beads. CD4+IL-10+ T cells highly upregulated the early activation-associated
protein CD69, the high affinity IL-2 receptor alpha chain CD25, and costimulatory molecule
CTLA-4 (CD152) after one day of activation (compared with autologous naive PB-MCs)
(Figure 5, Table 3). The CD25 upregulation most likely correlated with activation state as
opposed to expansion of CD25+ nTregs, given the fact that FoxP3 staining did not increase
after stimulation (Figure 5, Table 3). By day 13 post-stimulation, these activation-associated
proteins were largely downregulated, correlating with the resting phenotype (Figure 5, Table
3). CD4 was also slightly downregulated (from 89.7% to 65.3%), which is often seen in
long-term T-cell culture lines.

Taken together, these data demonstrate that CD4+IL-10+ T cells can be isolated from human
peripheral blood, and expanded in both antigen-specific and polyclonal fashions. Expanded
CD4+IL-10+ T cells suppress both proliferation and Th1 cytokine secretion from naive
PBMCs in a cell contact-dependent manner. Furthermore, these cells have an activated
phenotype when expanded and are distinct from FoxP3+ nTregs.

4. Discussion
Herein, we have described a method of isolating and expanding PBMCs based specifically
on their secretion of IL-10. One problem we encountered with the commercially available
methods for secretion-based selection was the high frequency of dead cells that appear to be
“trapped” by selection columns when isolating a low frequency (in this case, <1% cells)
population, even after attempting to remove dead cells first by a dead cell exclusion kit.
Experiments in our laboratory have also indicated that dead cells themselves appear to have
suppressive capacity (data not shown), and previous studies have shown that apoptotic cells
can be suppressive, potentially by inhibiting expression of CD69 [43] or sequestering
chemokines [44]. Previous studies have also shown that isolation of IL-10 regulatory cells
according to cell markers can lead to the accumulation of dead cells after culturing [36]. By
adapting the commercial protocol to use CytoStim to induce maximal IL-10 secretion, then
purifying CD4+ T cells before IL-10 selection and ultimately selecting according to live
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IL-10+ cells by flow cytometry sorting [37], we have optimized the procedure to procure
pure, CD4+IL-10+ live T cells.

We have also developed a method to expand these CD4+IL-10+ T cells by stimulation with
recall antigen PPD or polyclonally via anti-CD3/CD28 in the presence of IL-2 and IL-15 to
expand IL-10+ cells from relatively low precursor numbers, allowing for phenotyping and
functional assays. These isolated CD4+IL-10+ T cells strongly suppress both the
proliferative and effector cytokine phenotype of naive PBMCs when activated with their
own (PPD) or polyclonal (anti-CD3/CD28) stimulation, and partially suppress activation of
naive PBMCs with a distinct primary antigen (MBP), suggesting that the IL-10+ cells may
function in part by mediating bystander suppression [45]. The PPD-specific line likely
suppressed anti-CD3/CD28 restimulation strongly due to the T-cell receptor-stimulation
initiating activation-dependent function of the IL-10+ cells, and had less effect on MBP-
restimulation as activation of the IL-10+ cells by MBP relies on a degree of cross-reactivity
for the PPD-specific line. We have also found that the expanded IL-10+ cells continue to
secrete IL-10 alone or in coculture with naive PBMCs; however, blocking IL-10 receptor
did not prevent suppression, though contact between IL-10+ T cells and naive PMBCs was
required. We have previously shown, in our murine Tg4 model, a dichotomy between a
requirement for IL-10 secretion in vivo and its dispensability in vitro [46], suggesting a
similar possibility for human IL-10+ T cells. Others have demonstrated for IL-10 regulatory
cells that a partial block of IL-10 or TGF-β still allows suppression [6], and also that cell
contact was required [47].

Dong et al. have also described selection of IL-10–secreting T cells from PBMCs, but in
their model they used homeostatic, neutral expansion with IL-7 and IL-15 to examine any
potential establishment of IL-10 memory for either IL-10+ single-positive or IL-10+IFN-γ+

double-positive populations [37]. Interestingly, they showed that after one round of
stimulation, 90% of the selected cells lost the ability to secrete IL-10, and they suggest that
Th1-type cells do not establish IL-10–secretion recall. However, when we activated
specifically with antigen or polyclonal anti-CD3/CD28 stimulation, in the presence of
growth factors IL-2 and IL-15, we found that IL-10–secreting cells retained the functional
capacity to suppress naive cell proliferation and effector Th1 cytokine secretion in coculture
(Figures 2 and 3) through at least two rounds of differentiation. Furthermore, while there
was some loss of IL-10 secretion, the observed suppression was a specific property of
IL-10+ T cells as expansion of IL-10− T cells did not lead to a suppressive phenotype
(Figure 4B). This phenotype may in part be established through the continual activation of
the cells, which are Th1-like in their ontogeny, in line with recent work suggesting that
continual presence of IL-12 may sustain IL-10 expression [48].

We have recently described murine IL-10–secreting regulatory cells derived from the Th1
lineage [33]. Interestingly, our human CD4+IL-10+ T cells also secrete IFN-γ and IL-10
(Table 2), and suppress in coculture. The CD4+IL-10+ T cells described here display an
activated phenotype, with strong upregulation of CD69 and CTLA-4, but do not appear to be
FoxP3+ nTregs, similar to those described in our murine system [49,50]. We speculate that
these CD4+IL-10+ T cells are the human equivalent of IL-10–secreting regulatory cells
derived from an effector phenotype, and the isolation and expansion methods described here
offer important avenues for potential clinical applications of these suppressive cells.
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Fig. 1.
Column selection of IL-10–secreting T cells leads to accumulation of dead cells. CytoStim-
treated PBMCs were harvested after 16 hours and subjected to a Dead Cell Removal Kit.
IL-10–positive T cells (and IL-10–negative fraction) were separated by MS columns after an
IL-10 Secretion Assay. Cells were sampled at each stage for immunophenotyping. (A)
Representative FACS plots show FSC/SSC of human PBMCs after CytoStim treatment
(top), in the IL-10–negative fraction (middle), and in the IL-10–positive fraction (bottom).
R1-gated cell staining for surface CD4FITC/IL-10PE is also depicted. Plots are
representative of one of six experiments. Circled gates are R1; arrow in bottom FSC/SSC
plot denotes low FSC/SSC, “dead” cell population. (B) 7-AAD staining was performed on
each cell fraction to assess viability. The FACS histogram depicts lymphocyte-gated 7-AAD
staining for whole naive PMBCs (thin black line), CytoStim-treated PBMCs (thin black
dotted line), IL-10–negative fraction (thick dark gray dashed line) and IL-10+ cells (filled
light gray histogram). The data are representative of one of five experiments. (C) The FACS
histogram depicts lymphocyte-gated CD4 PE staining after negative selection for CD4+

cells. The dot plots show side scatter (SSC) versus IL-10–PE and 7-AAD versus AnnexinV
FITC post-IL-10 flow cytometry sorting. The data are representative of one of five
experiments.
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Fig. 2.
PPD-specific IL-10+ T cells are anergic and suppressive in a dose-dependent fashion. IL-10+

T cells were selected from human peripheral blood and expanded with PPD, IL-2, and IL-15
for 10 days. Autologous naive PBMCs (1 × 106 cells/condition) were activated in 1-mL
cultures in 48-well plates in the presence (+) or absence (–) of (A) 50 μg/mL PPD, (B) anti-
CD3/CD28 beads (1.25 μl/106 cells), or (C) 50 μg/mL MBP (after one additional round of
restimulation with PPD). 1 × 106 IL-10+ T cells were titrated into wells with naive PBMCs
in a dilution series from 5 × 105 cells/well to 6.25 × 104 cells/well in 2-fold dilutions (three
PBMCs: one IL-10+ T-cell ratio [1 × 106:3 × 105] used for MBP treatment). IL-10+ T cells
(1 × 106 cells/well) were also stimulated with irradiated APCs (3 × 106 cells/well), with or
without PPD, or alone with anti-CD3/CD28 beads. At the peak response days (day 7 for
PPD; day 4 for anti-CD3/CD28 beads; and day 9 for MBP), 100-μl duplicates were
harvested into 96-well plates and pulsed with 0.5 μCi 3[H]-thymidine. Results are expressed
as corrected counts per minute (ccpm); error bars represent standard error (SE). TCL, T-cell
line. *p < 0.01; NS, not significant. Data for PPD and anti-CD3/CD28 stimulation
representative of three experiments; MBP data are from one experiment (one distinct
individual donor per experiment).
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Fig. 3.
Anti-CD3/CD28 expanded IL-10+ T cells suppress naive PBMC proliferation and effector
cytokine production. IL-10+ T cells were expanded with anti-CD3/CD28 beads, rhIL-2 and
rhIL-15 for two rounds of stimulation; cells were used at day 9 of RII. Autologous naive
PBMCs (1 × 106 cells/condition) were activated in the presence (+) or absence (–) of anti-
CD3/CD28 beads. IL-10+ T cells were titrated into wells with naive PBMCs in a dilution
series from 5 × 105 (A) or 1 × 106 (B–F) cells/well to 3.125 × 104 cells/well in 2-fold
dilutions. IL-10+ T cells (1 × 106 cells/well) were also stimulated with or without anti-CD3/
CD28 beads alone. (A) At the peak response (day 4), 100-μl duplicates were harvested into
96-well plates and pulsed with 0.5 μCi 3[H]-thymidine. Results are expressed as ccpm; error
bars represent SE. (B-F) supernatant was collected from the cultures at day 2 and used in a
cytometric bead array (CBA) to measure cytokine secretion. Results for (B) IL-2, (C) IFN–
γ, (D) TNF–α, (E) IL-5, and (F) IL-10 are expressed in pg/mL. Data representative of three
experiments (one distinct individual donor per experiment). TCL, T-cell line. In A, ratios
represented as # PBMC: # TCL. For B–F, ratios are written as # TCL/# PBMC.
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Fig. 4.
Cell contact, but neither IL-10 nor TGF-β, is required for IL-10+ T–cell–mediated
suppression in vitro. (A) IL-10+ T cells were expanded with anti-CD3/CD28 beads, rhIL-2
and rhIL-15 for two rounds of stimulation; cells were used at day 9 of RII. Autologous naive
PBMCs (1 × 106 cells/condition) were activated in the presence (+) or absence (−) of anti-
CD3/CD28 beads. IL-10+ T cells were titrated into wells with naive PBMCs at a 3:1 ratio
(PBMCs: IL-10+ T cells). rhIL-10sRα (1 μg/mL) and/or rhTGF-βsRII (100 ng/mL) were
added to cultures where indicated. At the peak response (day 3), 100-μl duplicates were
harvested into 96-well plates and pulsed with 0.5 μCi 3[H]-thymidine. Results are expressed
as ccpm; error bars represent SE. (B) IL-10+ and IL-10− T cells (selected and sorted from
the same donor) were stimulated with PPD, IL-2 and IL-15 for 13 days. Autologous naive
PBMCs (1 × 106/ chamber) were added to the top and bottom chambers of transwells
(separated by a porous membrane in 24-well plates), with or without PPD (50 μg/mL) in
both chambers. Resting day 13 PPD-specific IL-10+ or IL-10− T cells were added to
chambers where indicated at 3 × 105 cells/chamber. On day 7, 100-μl duplicates were
harvested into 96-well plates and pulsed with 0.5 μCi 3[H]-thymidine. Results are expressed
as ccpm; error bars represent standard error. *p < 0.01; **p < 0.001. Data representative of
three experiments (one distinct individual donor per experiment). TCL, T-cell line; Top, top
well; bot, bottom well.
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Fig. 5.
Anti-CD3/CD28 stimulated IL-10+ T cells have an activated cell phenotype. IL-10+ T cells
(selected from human PBMCs) were expanded by stimulation with anti-CD3/CD28 (in the
presence of IL-2 and IL-15) for one round, and then frozen. Thawed cells were subsequently
washed and reactivated with anti-CD3/CD28 for 1, 5, or 13 days; stains depicted show
autologous naive PBMC controls, d1 IL-10 TCL, day 5 IL-10 TCL, and day 13 IL-10 TCL.
These cells were harvested and stained at each time point. Top two row histograms represent
cell-surface staining for CD4 and CD69. Dot plots show CD4-gated cell surface stains for
CD25 (third row), CD127 (fourth row), and CTLA-4 (fifth row). Bottom row shows dot
plots for CD4-gated, intracellularly stained FoxP3 expression. Protein expression was
measured by flow cytometry (BD FACS Scan) and data were analyzed with FlowJo
software. Numbers represent the percentage expression of the described protein populations
on the IL-10+ T-cell line (TCL) at indicated time points. Data are representative of two
experiments.
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Table 1

Selection and viability of IL-10+ cells isolated from human peripheral blood

Cells/mL peripheral
blood ± SD

% Whole
PBMCs ± SD

%CD4+T ±
SD

Column-selected (n = 7)

 Whole PBMCs 1.81 × 106 ± 0.64

 IL-10+ cells 4.96 × 103 ± 2.02 0.32 ± 0.24

Sort-selected (n = 3)

 Whole PBMCs 1.70 × 106 ± 0.41

 CD4+ T cells 4.40 × 105 ± 2.09 25.20 ± 8.06

 IL-10+CD4+7-AAD− T
  cells

1.08 × 103 ± 0.42 0.062 ± 0.011 0.26 ± 0.08

Column-selected viability
  (n = 5)

% 7-AAD+ ± SEM

 Whole PBMCs 1.74 ± 1.00

 16-h CytoStim–treated
  PBMCs

2.31 ± 1.40

 IL-10− cells 2.69 ± 1.41

 IL-10+ cells 35.27 ± 11.31^

Comparison of selection numbers (represented as cells/mL peripheral blood ± SD) of IL-10+ cells selected directly by Miltenyi Human IL-10

Secretion Assay Cell Enrichment and Detection kit (called “column-selected”) vs. IL-10+ cells selected by FACS-sorting for live (7-AAD-
negative) cells after modified IL-10 Secretion Assay and CD4 column purification (called “sort-selected”). Viability based on 7-AAD staining is
represented as percent population ± SEM for each stage of column-based selection (whole PBMCs preselection; PBMCs after CytoStim-treatment
but before selection; IL-10–negative cells eluted from MS magnetic columns; selected IL-10+ cells eluted from MS magnetic columns). ^p < 0.05
for IL-10+ cells when compared with whole PBMCs or CytoStim-treated PBMCs. All cell numbers and percentages are averaged from the noted n
number of individuals and are represented as cell number ± SD or percent ± SEM.
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Table 2

IL-10+ T-cell lines secrete both IL-10 and IFN-γ

Day 2 Day 13 Day 18

IL-10 >5000 1352 982

TNF-α 1911 0 22

IFN-γ >5000 585 >10000

IL-10+ T cells (selected from human PBMCs) were expanded by stimulation with anti-CD3/CD28 beads (in the presence of IL-2 and IL-15) for the
indicated number of days (d2 cells had only one round stimulation; d13 and 18 cells were in their second round stimulation; day counted from
initial stimulation of sorted cells). Supernatant was taken on indicated days and used in a CBA assay. Cytokine concentrations represented as pg/
mL. Each day shown represents one distinct donor; data representative of three experiments.
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Table 3

Anti-CD3/CD28 stimulated IL-10+ T cells have an activated cell phenotype

Nai̇ve PBMCs 1-Day IL-10+

TCL
5-Day IL-10+

TCL
13-Day IL-10+

TCL

CD4 53.8 89.7 91.4 65.3

CD69 1.6 16.3 30.7 35.6

CD4+CD25+ 19.0 89.4 58.2 51.3

CD4+CD127lo 5.5 94.3 95.1 90.0

CD4+CTLA-4+ 1.0 85.0 79.3 42.0

CD4+FoxP3+ 3.7 3.6 4.1 4.5

IL-10+ T cells (selected from human PBMCs) were expanded by stimulation with anti-CD3/CD28 (in the presence of IL-2 and IL-15) for one
round, and then frozen. Thawed cells were subsequently washed and re-activated with anti-CD3/CD28 for 1, 5, or 13 days. These cells were

harvested at each timepoint and shown as cell-surface stained for CD4 or CD69; surface stains for CD127, CD25, and CTLA-4 shown on CD4+

gated cells; and intracellularly stained FoxP3 expression shown on CD4+ gated cells. Autologous naïve PBMCs were stained as done for controls.
Protein expression was measured by flow cytometry (BD FACS Scan) and data were analyzed with FlowJo software. Numbers represent the

percent expression of the described protein populations on the IL-10+ T-cell line (TCL) at indicated timepoints. Data are representative of two
experiments.
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