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Summary
The complexity of immunoregulation has focused attention on the CD4+ T “suppressor”
regulatory cell (Treg), which helps maintain balance between immunity and tolerance. An
immunoregulatory T cell population that upon activation amplifies cellular immune responses was
described in murine models more than thirty years ago. However, no study has yet identified a
naturally occurring T “inducer” cell type. Here, we report that the ectoenzyme CD39/NTPDase1
(ecto-nucleoside triphosphate diphosphohydrolase 1) helps to delineate a novel population of
human “inducer” CD4+ T cells (TInd) that significantly increases the proliferation and cytokine
production of responder T cells in a dose-dependent manner. Furthermore, this unique TInd cell
subset produces a distinct repertoire of cytokines in comparison to the other CD4+ T cell subsets.
We propose that this novel CD4+ T cell population counterbalances the suppressive activity of
suppressor Treg cells in peripheral blood and serves as a calibrator of immunoregulation.
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Introduction
Naturally occurring regulatory T cells (Treg) constitute a suppressor T cell population that
play a pivotal role in maintaining the balance between tolerance and immunity. Regulatory
T cells can suppress effector T cell responses, and dampen immune activation in various
autoimmune, transplant and infectious disease states[1–11]. The existence of a reciprocal
pathway of immune “contrasuppression” was first reported by seminal reports more than
thirty years ago [12–15]. The description of a natural T “inducer” cell population, that upon
activation amplified cellular immune responses was suggested by clonal studies in mice
[16], however, such a natural population of T cells has not been clearly identified in mice or
humans.

The CD4+ T cell pool is diverse and plays important immunomodulatory roles in
inflammation and infection. Naïve CD4+ T cells are induced to differentiate towards Th1,
Th2, Tr1, Th17 or regulatory T cells, each under a distinct transcriptional control, and
dependent on the influence of mitogenic stimulation or a cytokine directed milieu[10,17,18].
Two recent studies highlight the importance of CD39/NTPDase1 as a useful biomarker for
the identification of a CD4+ regulatory suppressor T (Tsup) cell population with potent
immunosuppressive activity in humans and mice [19,20]. CD39 is an endothelial cell
membrane-associated nucleotidase initially described on B cell lines[21], and reported to
play a dominant role in thromboregulation and vascular homeostasis[22,23].

In this study, we characterize a novel CD4+ inducer T cell subset in humans, expressing
CD39, which potently enhances T cell immune responses that may be involved in the
counter-regulation of regulatory T cells.

Results and Discussion
Expression of the CD39 molecule on CD3+ T cell subsets

In order to investigate the expression of CD39 on lymphocyte subsets, we stained human
PBMC and peripheral lymphoid cells from healthy individuals. We observed that the
expression of CD39 was restricted to CD4+ T cells (Fig 1A). CD39 expression has recently
been used to delineate CD4+ regulatory T cell subsets [19,20]. To further characterize the
CD39-expressing T cells we stained for CD25 and for intracellular FOXP3 expression and
identified two CD4+ T subsets: CD39+FOXP3+CD25+ and CD39+FOXP3-CD25- T cells
in peripheral blood (Fig. 1 A, B) as well as lymph node cells (data not shown).
CD25+FOXP3+ CD4+ T cells are considered the canonical CD4+ regulatory T cell
population, and we observed this subset to be represented primarily in the CD39+CD25high/
+ fraction, although they were also present amongst the CD39-CD25+ T cells (Fig 1C).
Similar results were observed using CD25+CD4+CD127low T cells to define regulatory T
cells (data not shown).

The frequency of both the CD39+FOXP3+ and CD39+FOXP3-CD4+ T cell ranged from
1-5% each of the total CD4+ T cells in healthy subjects (n=10) (representative subject
shown in Fig 1B,C). Interestingly, the frequencies of the CD39+CD25+ and CD39+CD25-
CD4+ T cell subsets varied widely from individual to individual (Fig. 1D), but were relative
stable within each healthy individual over time (Fig. 1E). Additional immune surface
biomarkers were used to help delineate the two subsets, including CD73, CD57, CD27,
HLA-DR, CD45RA, CCR5, CD7, Ki-67 and CD69, but these did not uniquely distinguish
the CD39+CD25- bearing CD4+ T cells from the other CD4+ T cell subsets (data not
shown).
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Functional analysis of CD39+ CD4+ T cells
To address the functional capacity of these distinct CD4+ T cell populations, we first sorted
CD4+ T cells from PBMC from healthy donors into CD39+CD25+, CD39+CD25- and
CD39-CD25- T cell subsets, to a purity of >95%. We then assessed the ability of these three
CD4+ T cell populations to independently influence the proliferative capacity and cytokine
secretion of CFSE-labeled CD39-CD25- “responder” (TRes) CD4+ T cells. In co-culture
experiments with anti-CD3 and anti-CD28, we observed that CD39+CD25+ CD4+ T cells
from all donors markedly suppressed the proliferative capacity of TRes cells when compared
to control unlabeled TRes cells to varying degrees (Fig. 2A, B). This was not surprising, as
CD39+CD25+ T “suppressor” (TSup) CD4+ T cells were of a FOXP3+CD127lo phenotype,
which is consistent with a suppressive regulatory T cell population[11, 24, 25].
Unexpectedly, the CD39+CD25-CD4+ T cell subset that expressed no FOXP3, dramatically
increased the proliferation of responder CD4+ TRes cells, by as much as 4-fold in some
donors, as compared to either of the other CD4+ T cell subsets (Fig. 2B,C). The proliferative
responses elicited by the “inducer” (TInd) subset as well as suppressor (TSup) cells were
dose-dependent (Fig. 2 C, D). The addition of TInd cells partially rescued the proliferation of
responder CD4+ TRes cells in co-culture with Tsup cells, but this was over-ridden at higher
ratios of TInd and TSup cells (Fig. 2 E). We further observed that while the addition of IL-2
markedly increased the proliferation of the TRes cells in the presence of TInd (Fig. 2 E),
blockade of the effects of IL-2 using anti-CD122 or anti-CD25 mAbs in the cultures did not
alter TRes cell responses (data not shown).

We next explored the mechanisms of immune stimulation by the CD39+ CD25- TInd cells,
and assessed whether the stimulatory effect can be mediated by soluble factors. We obtained
supernatants from 4 day cultures of the individual CD4+ T cell subsets and added an equal
amount of supernatants to CFSE labeled responder CD4+ TRes cells and assessed for T cell
proliferation. In the presence of anti-CD3/CD28 stimulation the supernatants from TInd cells
were able to induce significant stimulation of TRes cells compared to supernatants obtained
from either TRes or TSup CD4+ T cell subsets (Fig. 2F).

Cytokine Profile of CD39+CD4+ T cell subsets
To explore the influence of these CD4+ T cell subsets on cytokine production, we performed
multiplex 10-cytokine bead arrays on the co-culture supernatants. We saw a marked increase
in the production of IFN-γ, TNF-α, GM-CSF, IL-6 and IL-10 in co-cultures with inducer
TInd cells when compared to all other CD4+ T cell subsets examined (Fig. 3A). By contrast,
these cytokines were produced in much lower quantities in co-cultures with either of the
CD39+CD25+ (TSup1) or the CD39-CD25+ T cells (refered to as TSup2 cells based on their
partial suppressive effects), as compared to TRes cells alone (Fig. 3A).

To determine the direct ex vivo activity of each individual CD4+ T cell subset, we cell
sorted each subset and evaluated the cytokine profile following stimulation with anti-CD3/
CD28. We demonstrated that TInd and TSup1 cells produced varied overall cytokine
quantities compared to TRes cells (Fig 3B). The TInd cells produced slightly higher cytokines
levels compared to TSup1 cells, however no specific cytokine profile distinct to TInd cells
was noticable. Interestingly we observed that TSup2 cell produced a unique cytokine profile
that was dominant for the Th2 cytokines IL-4 and IL-5 in two of three individuals assayed.

Influence of anti-CD39MAb on CD39-expressing CD4+ T cell responses
CD39 has been shown to be responsible for the degradation of ATP to AMP. Activated
regulatory T (CD4+CD25+) cells appear to abrogate ATP-related events through CD39 [20].
To test whether the biological activity of CD39 on CD39+CD25- (TInd) and CD39+CD25+
(TSup1) T cells was retained and functional, we performed co-culture experiments of all four
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purified CD4+T cell subsets with responder TRes cells in the presence of either a purified
anti-CD39 MAb that diminished the expression of CD39 on PMBC (Fig 3C), or with an
isotype control, and assessed for both CFSE dilution and cytokine release. We observed no
reversal of function but instead reduced proliferation (Fig. 3D), and a reduction of cytokine
responses (data not shown) in cultures with anti-CD39 MAb, with the only residual
responses preserved in cultures with TInd cells. Interestingly, following anti-CD3/CD28
stimulation, surface expression of CD39 was partially upregulated on purified cell sorted
CD39-CD25- (TRes) CD4+ Tcells, demonstrating the responsiveness to the anti-CD39MAb
(Fig. 3E).

The mechanisms by which the inducer T cell subset acts remains unclear, as our studies do
not distinguish whether CD39 directly contributes to this phenomenon or simply acts as a
biomarker. ATP metabolites have paradoxical effects on the immune response and can
mediate both immunostimulatory and inhibitory effects. Although experiments performed
with the anti-CD39 MAb did not interfere with the inductive capacity of the TInd cells, we
cannot completely disregard CD39 as a component of the inductive machinery. Notably,
CD39 can exist in two different functional states based on its two transmembrane domains,
and these two forms can present with distinct quantitative and qualitative enzymatic
properties[26,27]. It is likely that investigation into the structural composition of CD39 on
different CD4+ T cell subsets will improve our understanding of this ectoenzyme.

Concluding Remarks
The major observation from this study is the identification of a novel population of human
“inducer” CD4+ T cells that significantly increased the proliferation and cytokine
production of responder T cells from healthy donors in vitro. Phenotypically, the inducer T
cells are CD25 and FOXP3 negative, but express CD39. The CD39 molecule has recently
been identified as a marker for suppressive regulatory T cells, and has been suggested to
exert immunosuppressive functions in part by hydrolyzing both ATP, ADP, and other di-
and triphosphate nucleotides. Here, we identify and characterize a subset of CD4+ T cells
that express CD39, yet induce and potentiate T cell responses. The diversity of outcomes of
CD4+ T cell fate has garnered much interest, with CD4+ T cells differentiating into TH1,
TH2 , TH17 or T regulatory cells, each with distinct functions [28]. Here, we add a new
dimension to this T cell pathway, and identify a potentially new paradigm in CD4+ T cell
differentiation. Based on the novel functional capacity of TInd cells, we believe this reflects
a novel distinct functional subset of CD4+ T cells. However, it remains possible that the
TInd cell subset is not a distinct lineage but part of the TH1, TH2 or TH17 subpopulations.
Furthermore, any overlap with the transcriptional patterns of T-bet, GATA-3 or RORγt,
which are essential for development of TH1, TH2 and TH17 cells respectively, or if distinct
specific lineage factors exist, will need to be determined.

It has been proposed that the suppressive function of CD39 is coupled to the presence of
CD73, that would convert AMP to adenosine (from the enzymatic degradation of ATP by
CD39 [19]. Adenosine would then act on adenosine A2a receptors on responder T cells to
increase the intracellular signal molecule cAMP, which has a well known
immunosuppressive function [29,30]. It is intriguing to speculate that the absence or
presence of CD73 could determine whether CD39 expressing CD4+T cells would act as
suppressor or inducer T cells. Although CD39 helps to identify the inducer T cell
population, the identification of additional cell surface antigens which could delineate the
TInd subset further, will be needed. While our results highlight a distinct functional
difference among the CD4+ CD39+ T cells based on the coexpression of CD25, this was not
considered in other recent studies [19,20]. Since some of our donors clearly presented with
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very low frequencies of CD39+ CD25- CD4+ T cells, we presume this TInd CD4+ T cell
population may not been considered in these studies.

This study brings another dimension to the field of immune regulation, by introducing TInd
cells as a newly defined inductive T cell population. As suggested here, the interplay
between TInd and TSup1 cell subsets may be important to immune homeostasis. The
observed donor variability in both T suppressor and T inducer cell numbers – and in their
ratios in vivo – should be an interesting vantage point for future studies. Further studies
elucidating the precise mechanism by which these cells function and evaluating the
frequency and function of this CD4+ TInd cell subset in various immune-mediated
pathologies are warranted.

Materials and Methods
Human subjects

Freshly blood was obtained from healthy blood donors and from the Stanford Blood Bank.
Peripheral lymphoid tissues were obtained from donors with tonsillar hypertrophy from the
Karolinska University Hospital under IRB approved protocols. Samples were processed with
Ficoll-Paque PLUS (Amersham Pharmacia Biotech, Uppsala, Sweden) gradient
centrifugation and peripheral-blood mononuclear cells (PBMC) were isolated and
cyropreserved in 10 % DMSO in FBS. This study was approved by the institutional review
boards and ethical committees of University of California, San Francisco, Committee on
Human Research and the Karolinska Institutet.

Flow cytometry
Frozen PBMCs and peripheral lymph node cells were rapidly thawed and incubated with a
combination of the following conjugated anti-human monoclonal antibodies: CD4, CD25,
CD8, CD45RA, CD73, CD27, CD57, HLA-DR, CCR5, CD7, Ki-67, CD69 (BD
Biosciences, San Jose, CA), CD39 (e-bioscience, San Diego, CA and Ancell, Bayport, MN),
CD3, (Beckman Coulter, Fullerton, CA), and CD127 (Biolegend, San Diego, CA). For dead
cell exclusion we used a live dead amine aqua dye (Invitrogen, Carlsbad, CA). Intracellular
staining for FoxP3 (BD) was performed using the protocol as recommended by the
manufacturer. Cells were then washed in FACS buffer (PBS in 2mM EDTA and 1% bovine
serum albumin) and then fixed in 1% paraformaldehyde before being run on an LSRII flow
cytometer (BD). Data was analyzed using Flowjo Software version 6.4 (Treestar Inc,
Ashland, OR). In additional functional assays, purified anti-human CD39 (clone BU61)
mAb (Ancell, Bayport, MN), conjugated anti-CD39 mAb (clone eBioA1) antibody
(Ebisocience, San Diego,CA), purified mouse anti-human IgG (Ebisocience), purified anti-
CD122 mAb and anti CD25 mAb (R&D Systems) were used.

Suppression assay
PBMC were labeled with a combination of antibodies to delineate CD4+ T cell subsets and
sorted using a FACS ARIA (BD) to purity levels in excess of 95%. The fluorescent
intracellular dye, 5- (and 6-) carboxyfluorescein diacetate, succinimidyl ester (CFSE;
Molecular Probes, Eugene, OR) was used to track cell division. In brief, autologous defined
responder CD4+ T cell subsets were labeled with 1mM of CFSE in PBS and mixed
periodically for 10 minutes at 37°C. Labeling was quenched by addition of an equal volume
of complete medium (15% FBS in RPMI) for 2 minutes. The labeled cells were then washed
twice, counted and resuspended in cell culture media and used as responder cells. Cell
cultures were stimulated with purified azide free anti-CD3 and anti-CD28 MAb mixture
(BD) in the presence or absence of sorted T cell subsets at the indicated ratio of suppressors
to responders.
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Multiplex human cytokine measurement
Supernatants from individual and co-culture experiments were removed from the wells and
assayed in duplicates using a highly sensitive bead-based sandwich immunoassay for the
simultaneous detection of multiple cytokines using the Biosource human cytokine 10-plex
Panel kit (Invitrogen), simultaneously measuring the following 10 human biomarkers: TNF-
α, IFN-γ, GM-CSF, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-8, and IL-10. The beads were analyzed
with a Luminex 100 system (Luminex Inc, Austin, Texas) according to the manufacturer’s
protocol. Standard curves were performed for each biomarker using the mixed standards
provided with the kit.

Statistical measurements
A paired Student's t-test was performed for comparison of changes within subject and
correlations were assessed using the Spearman rank test for non-parametric data. All
statistical analyses were conducted using Prism Graphpad release 4a (Graphpad Software,
San Diego, CA) and the statistical significance of the findings was set at a p value of less
than 0.05.
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Figure 1.
Differential expression of CD39 on CD4+ T cell subsets. PMBC from healthy donors were
surface stained for CD4, CD3, CD25, CD127 and CD39 followed by intracellular staining
for FoxP3. (A) Representative dot plots showing expression of CD39 as assessed by flow
cytometry on live CD3 gated lymphocytes. The frequency (%) of CD4 T cells gated is
shown according to their dual expression of CD39 and FOXP3. (B) Two distinct CD39-
expressing CD4 T cell subsets are identified and further delineated by CD25 and CD39
expression: CD39+FOXP3+CD25hi/+(green) and CD39+FoxP3-CD25- T cells (blue). (C)
FoxP3+CD25+ gated CD4 T cells (green) were further characterized by CD25 and CD39
expression. (D) Plot shows the frequency of CD4+ T cell subsets defined by CD39 and
CD25 in four representative healthy donors. (E) Stability of CD39+CD25- and
CD39+CD25+ T cells as a percentage of total CD4 T cells among 4 representative healthy
donors at 2–3 time points approximately 4–6 months apart. At least 200,000 lymphocyte
events were counted and collected for each sample.
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Figure 2.
Differential function of CD39 expressing CD4+ T cells. Purified CD4+ T cell subsets were
isolated from PBMC from healthy donors by cell sorting to a purity >95% as demonstrated
in Fig 1A. (A, B) Representative plots shows 50,000 CFSE-labeled CD39-CD25- responder
(TRes) T cells co-cultured in duplicate wells together with an equal number of CD39+CD25-
(TInd), CD39+CD25+ (TSup) or unlabeled control CD39-CD25- (TRes) T cells for 4–5 days
in the presence of soluble anti-CD3/anti-CD28. Plots show proliferation of responder TRes
cells as determined by CFSE dilution. (C) Similar results were obtained in six separate
experiments from six different donors. The statistical difference was deemed significant
using a Mann Whitney U test analysis if p<0.05. (D, E) In some experiments TRes cells were
co-cultured at different ratios with TInd cells or TSup cells or a combination of both in the
absence or presence of IL-2. Data in D, E are of a representative donor from two separate
experiments with two different donors. (F) Graph shows the co-culture of Tres cells with
supernatants derived from 4 day stimulated (anti-CD3/anti-CD28 mAb mixture) individual
CD4+ T cells subsets from a representation donor. Similar results were observed in three
separate experiments from three different donors.
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Figure 3.
Detection of human cytokines in cell supernatants in anti-CD3/anti-CD28 stimulated (A) co-
cultures of responder TRes cells with either 1= CD39+CD25+ (TSup1); 2= CD39-CD25+
(TSup2), 3= CD39+CD25- (TInd); 4= CD39-CD25- (TRes); or 5= unstimulated CD39-CD25-
(TRes) T cells. Data is presented from a single donor with background subtracted and is a
representation of three separate experiments (from three separate donors). Standard curves
were performed for each biomarker using the mixed standards provided with the kit. (B)
Cell sorted, purified individual CD4+ T cell subsets alone from three donors is presented.
Data is the average of duplicate wells. (C) Specificity of a purified anti-human CD39 (clone
BU61) mAb. PBMC from a healthy donor were incubated with either isotype control IgG
antibody (blue line) or purified anti-human CD39 (clone BU61) mAb (red line) prior to
staining with a conjugated anti-CD39 mAb (clone eBioA1) antibody. (D) CFSE labeled
CD39-CD25- responder (TRes) T cells co-cultured in duplicate wells together with an equal
number of indicated CD4 T cell subsets in the presence of either purified anti-CD39 (clone
BU61) mAb or isotype IgG control. Cells were stimulated with anti-CD3/CD28 antibody
mixture and cultured for 4 days before assessment of CFSE dilution. Data is a representation
of two separate experiments from two different donors. (E) Plot shows expression of CD39
and CD25 by purified cell sorted CD39-CD25- responder (TRes) obtained from a
representative healthy donor following anti-CD3/anti-CD28 stimulation for 12 hours.
Similar results were obtained in 4 day cultures.
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