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T-cell differentiation involves the early decision to commit to a particular pattern of response to an antigen.
Here, we show that the leukocyte activation antigen CD69 limits differentiation into proinflammatory helper T
cells (Th17 cells). Upon antigen stimulation in vitro, CD4* T cells from CD69-deficient mice generate an
expansion of Th17 cells and the induction of greater mRNA expression of interleukin 17 (IL-17), IL 23 receptor
(IL-23R), and the nuclear receptor retinoic acid-related orphan receptor yt (RORvyt). In vivo studies with
CD69-deficient mice bearing OTII T-cell receptors (TCRs) specific for OVA peptide showed a high proportion
of antigen-specific Th17 subpopulation in the draining lymph nodes, as well as in CD69-deficient mice
immunized with type II collagen. Biochemical analysis demonstrated that the CD69 cytoplasmic tail associates
with the Jak3/Stat5 signaling pathway, which regulates the transcription of ROR+yt and, consequently, differ-
entiation toward the Th17 lineage. Functional experiments in Th17 cultures demonstrated that the selective
inhibition of Jak3 activation enhanced the transcription of ROR+yt. Moreover, the addition of exogenous IL-2
restored Stat5 phosphorylation and inhibited the enhanced Th17 differentiation in CD69-deficient cells. These
results support the early activation receptor CD69 as an intrinsic modulator of the T-cell differentiation

program that conditions immune inflammatory processes.

Differentiation of T helper lymphocyte subsets is crucial for
immune and inflammatory responses. In addition to the two
classical T helper cell subsets (Th1l and Th2), a third T-lym-
phocyte subpopulation, designated Th17, characterized by the
synthesis of interleukin 17A (IL-17A), IL-17F, and IL-22, has
emerged as an independent differentiation pathway (9). Dif-
ferentiation toward each Th subset is regulated by a variety of
molecules, including cytokines and transcription factors. The
key transcription factors that drive the differentiation of the
Th1 and Th2 lineages are, respectively, T-bet and GATA-3,
while the differentiation of Th17 cells is directed by retinoic
acid-related orphan receptor yt (RORvyt) (12). Th17 differen-
tiation, moreover, is regulated by the balance of Stat3/Stat5
activation; Stat3 is necessary for Th17 differentiation, whereas
the transcription factor Stat5 negatively regulates the develop-
ment of these cells (1). The key cytokines involved in Th17 cell
differentiation are transforming growth factor B (TGF-B) and
IL-6 (3, 33). Another important cytokine for Th17 biology is
IL-23. Although Th17 cells can arise in the absence of IL-23,
the cytokine is required for their maintenance and survival (29,
33) and for their pathogenicity (20).

Dysregulated activation of T helper subpopulations is asso-
ciated with immune pathogenesis (21). Thl cells are clearly
involved in autoimmune and inflammatory disorders mediated
by the cellular immune response, and Th2 cells are involved in
antibody-mediated allergic and inflammatory conditions (24).
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Recent evidence indicates that Th17 cells also exert a patho-
genic effect in several autoimmune and hypersensitivity reac-
tions. Indeed, a number of immune pathologies previously
thought to be related to uncontrolled activation of Th1 or Th2
populations now appear to be related, at least in part, to Th17
cell differentiation. For example, involvement of Th17 lympho-
cytes has been reported in collagen-induced arthritis (CIA),
experimental autoimmune encephalomyelitis (EAE), experi-
mental autoimmune myocarditis (EAM), contact hypersensi-
tivity (CHS), and airway hyperresponsiveness (AHR) (11, 13,
18, 22, 23, 30).

We previously found that CD69* T cells are localized at
sites of chronic inflammation and that these lymphocytes
seem to be able to downregulate the inflammatory process.
Although antigen-dependent T-cell activation and prolifer-
ation do not appear to be altered in CD69-deficient lym-
phocytes (16), CD69 knockout (CD69 KO) mice develop an
exacerbated form of CIA characterized by diminished local
synthesis of TGF-B (26). These and other studies (5) suggest
that CD69 is a negative regulator of the immune response,
in part through modulation of local levels of TGF-B. Here,
we explore the role of CD69 in the differentiation of T
helper lineages. Our results show that, while Th1 and Th2
differentiation remain unchanged in CD69-deficient mice,
lymphocytes from these animals show an enhanced potential
to differentiate toward Th17 cells both in vitro and in vivo.
Biochemical and functional experiments demonstrated that
the CD69 cytoplasmic tail associates with Jak3/Stat5, pro-
viding a mechanistic link between the regulatory effect of
CD69 and Th17 differentiation. Our results support the
conclusion that CD69 regulates immune and inflammatory
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responses by acting as a brake on the differentiation of Th17
effector cells.

MATERIALS AND METHODS

Mice. CD69-deficient mice were generated as described previously (16) and
backcrossed (for more than 12 generations) to the BALB/c and C57BL/6J ge-
netic background. C57BL/6-Tg (TcraTerb)425Cbn/J (called OTII) mice express-
ing a T-cell receptor (TCR) specific for peptide 323-339 of OVA in the context
of I-A® were purchased from Jackson Laboratory (stock number 004194). OTII
mice were backcrossed with CD69-deficient mice in the C57BL/6 background.
Sex-matched mice aged between 6 and 8 weeks were used for the in vitro
experiments, and 10- to 12-week-old females, either littermates or age-matched
offspring of these littermates, were used for the in vivo experiments. The mice
were bred in homozygosity and kept under pathogen-free conditions at the
Animal Unit of the School of Medicine, Universidad Auténoma de Madrid
(UAM). Experimental procedures were approved by the Committee for Re-
search Ethics of the Universidad Auténoma de Madrid and conducted under the
supervision of the UAM Head of Animal Welfare and Health in accordance with
Spanish and European guidelines.

CD4* T-cell isolation and cell culture. Naive CD4" T cells were obtained
from single-cell suspensions of the spleen and mesenteric lymph node (MS-LN).
The cell suspensions were incubated with biotinylated antibodies against CD8,
CD16, CD19, CD24, CD117, major histocompatibility complex (MHC) class II
(I-AP), CD11b, CD11c, and DXS5 and subsequently with streptavidin microbeads
(MACS; Miltenyi Biotec). CD4* T cells were negatively selected in auto-MACS
Pro Separator (Miltenyi Biotec) according to the manufacturer’s instructions.
The cells were then labeled with antibodies to CD4, CD25, and CD62L and
analyzed by flow cytometry to confirm their naive status (data not shown). Naive
CD4™" T cells (10° cells/ml) were cultured in the presence of irradiated antigen-
presenting cells (APCs) (T-cell-depleted splenocytes) and OVA peptide 323-339
(OVA) (10 pg/ml) plus a cytokine or antibody combination appropriate for
differentiation of the desired T-cell lineage: IL-2 (10 ng/ml), anti-gamma inter-
feron (anti-IFN-y) (4 pg/ml), and anti-IL-4 (4 pg/ml) for ThN (see below)
differentiation; IL-2 (10 ng/ml), anti-IL-4 (4 pg/ml) and recombinant mouse
IFN-y (rmIFN-y) (4 ng/ml) for Th1; IL-2 (10 ng/ml), anti-IFN-y (4 pg/ml), and
rmIL-4 (10 ng/ml) for Th2; and anti-IFN-vy (4 pg/ml), anti-IL-4 (4 wg/ml), rmIL-6
(10 ng/ml), rmIL-23 (10 ng/ml), and recombinant human TGF-B1 (thTGF-B1) (5
ng/ml) for Th17. Where indicated, 3-day-differentiated Th17 T cells from OTII
or CD69-deficient OTII (OTKO) mice were cultured in the presence of anti-IL-2
receptor (anti-IL-2R) antibody (clone PC61.5) and stained for phospho-Stat5
(p-Stat5) (Tyr694). No differences in viability were observed between OTII and
OTKO ThN, Thl, Th2, or Th17 cells.

Intracellular staining and FACS. Fully differentiated T helper cells were
extensively washed and then restimulated for 4 h with 50 ng/ml phorbol myristate
acetate (PMA) and 750 ng/ml ionomycin (P+I) plus brefeldin A (1 pg/ml). The
cells were then fixed with 2% paraformaldehyde, permeabilized with 0.5% sa-
ponin, and stained with anti-IFN-vy, anti-IL-17, or anti-IL-2 antibody (BD Phar-
mingen) and analyzed by fluorescence-activated cell sorting (FACS).

The expression of other proteins was assessed in cells fixed in 2% formalde-
hyde and permeabilized with methanol. Antibodies to the following proteins
were used: T-bet from Santa Cruz and phospho-Stat6 (Tyr641), phospho-Stat3
(Tyr705), and phospho-Stat5 (Tyr694) from Cell Signaling. Anti-mouse IgG1
and anti-rabbit antibodies were used as isotype controls.

Cytokine assays. Naive CD4" T cells were stimulated for 72 h with CD3 (10
pg/ml) plus CD28 (2 pg/ml); ThN, Thl, Th2, and Th17 differentiated cells were
restimulated for 24 h with CD3 (10 pg/ml) plus CD28 (2 pg/ml). Supernatants
were collected from the stimulated cells, and cytokine concentrations were mea-
sured with the FlowCytomix Mouse Th1/Th2 10plex kit (Bender MedSystems
GmbH, Germany), followed by flow cytometry on a BD FACSCanto II cytom-
eter (BD Biosciences). The following cytokines were measured: granulocyte-
macrophage colony-stimulating factor (GM-CSF), IFN-y, IL-1a, IL-2, IL-4,
IL-5, IL-6, IL-10, IL-17, and tumor necrosis factor alpha (TNF-a). Data were
analyzed with FlowCytomix Pro 2.2 software.

Real-time PCR. Total RNA was extracted from cell lysates with the Tri-
Reagent RNA isolation system (Sigma). cDNA was obtained with the ImProm-II
Reverse Transcriptase Kit (Promega). Specific mRNA expression was analyzed
by SYBR green real-time PCR (Roche Diagnostics) in a DNA LightCycler rapid
thermal cycler (Roche). Primer sequences were as follows: GAPDH (glyceral-
dehyde-3-phosphate dehydrogenase) forward, 5'-GAA GGT GAA GGT CGG
AGT C-3', and reverse, 5'-GAA GAT GGT GAT GGG ATT TC-3’; RORvyt
forward, 5'-CCG CTG AGA GGG CTT CAC-3', and reverse, 5'-TGC AGG
AGT AGG CCA CAT TAC A-3'; IL-17A forward, 5'-CTC CAG AAG GCC
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CTC AGA CTA C-3', and reverse, 3'-GGG TCT TCA TTG CGG TGG-5';
IL-17F forward, 5'-GAG GAT AAC ACT GTG AGA GTT GAC-3’, and re-
verse, 5'-GAG TTC ATG GTG CTG TCT TCC-3'; IL-23R forward, 5'-GCC
AAG AAG ACC ATT CCC GA-3', and reverse, 5'-TCA GTG CTA CAA TCT
TCT TCA GAG GAC A-3'. The results for each gene were normalized to
GADPH expression and measured in parallel in the same sample.

Immunoprecipitations, pulldown, and Western blotting. Immunoprecipita-
tions of endogenous proteins were performed with whole-cell lysates of human
and mouse T-cell blasts. Cell extracts were prepared in lysis buffer containing
Tris-buffered saline (TBS), 0.5% Nonidet P-40 (Boehringer Mannheim), pro-
tease inhibitor cocktail (Complete; Roche), and phosphatase inhibitor cocktail
(PhosSTOP; Roche). Immunoprecipitations were performed with protein G-
Sepharose beads (Biosciences) with the antibody TP1/33 to human CD69 or 2.2
to mouse CD69. Sepharose pellets were washed with the lysis buffer and resus-
pended in Laemmli buffer for Western blotting. Pulldown assays were performed
with whole-cell lysates of human T-cell blasts incubated with biotinylated human
CD69 peptide (MSSENCFVAENSSLHPESGQENDATSPHFSTRHEGSFQG
SGSK) or human VCAM1 peptide (SGSGRKANMKGSYSLVEAQKSKYV) as a
control. The beads were washed and resuspended in Laemmli buffer for Western
blotting.

Lysates of purified naive, ThN, Th1, Th2, or Th17 CD4" T cells were prepared
in RIPA buffer (20 mM Tris-HCl, pH 7.4, 37 mM NaCl, 2 mM EDTA, 1%
NP-40, 10% glycerol, 0.5% sodium deoxycholate, 0.1% SDS) containing the
protease inhibitor cocktail (Complete; Roche). Nuclear and cytosolic protein
extracts were prepared with the ProteoExtract Subcellular Proteome Extraction
Kit (Calbiochem). Proteins (10 to 30 pg) were size separated on 8% SDS-
polyacrylamide gels and transferred onto Trans-Blot nitrocellulose membranes
(Bio-Rad). Primary antibodies for immunoblotting were as follows: anti-B-actin,
anti-GATA-3, anti-Stat5, anti-Stat3, and anti-CD69 from Santa Cruz; anti-phos-
pho-Stat3, anti-phospho-Stat5, anti-Statl, and anti-Jak1, -Jak2, and -Jak3 (Jak
isoform sampler kit) from Cell Signaling.

Immunization and ex vivo expansion of Th17 cells. OTII and OTKO mice were
immunized in both hind footpads with 20 wg OVA plus complete Freund’s
adjuvant (CFA) (1:1; Sigma) or curdlan (200 wg) as an adjuvant. Alternatively,
wild-type (WT) and CD69 KO mice were injected subcutaneously in the hind
footpads with chick type II collagen (CII) (Sigma Aldrich; 2 mg/ml) in CFA.
After 4 days, single-cell suspensions were prepared from popliteal lymph nodes
(LNs). Intracellular staining of activated cells for IFN-y and IL-17 was as de-
scribed above. Ex vivo expansion of Th17 cells was analyzed by incubating total
popliteal LN cells with either 10 wg/ml OTII-specific peptide or 100 wg/ml CII
for 48 h in 96-well plates (1 X 10° cells in 200 ul RPMI, 10% fetal bovine serum
[FBS]). After incubation, cells were collected, washed, stimulated, with P+1, and
stained for CD4, IFN-vy, and IL-17.

Statistical analysis. P values were calculated with Student’s ¢ test, and P values
of less than 0.05 were considered significant.

RESULTS

CD69-deficient CD4 T cells preferentially differentiate to-
ward Th17. To assess whether CD69 affects the cytokine se-
cretion pattern of T cells after activation, naive CD4™ T cells
from lymph nodes and spleens of WT and CD69-deficient mice
were stimulated for 72 h with anti-CD3/CD28 monoclonal
antibodies (MAbs), and cytokine levels were measured in the
culture supernatants. No significant differences in the secretion
of IL-2, IFN-y, GM-CSF, and TNF-«a were detected between
WT and CD69-deficient mice, and secretion of IL-1a, IL-4,
IL-5, IL-6, and IL-10 was similarly unaffected (Fig. 1). In con-
trast, CD69 KO cells secreted significantly higher levels of
IL-17 than lymphocytes from WT animals (Fig. 1).

We next determined whether CD69 might play a role in the
lineage commitment of CD4™ T helper cells. For this, we
generated an antigen-specific model of CD69 deficiency by
crossing CD69-deficient mice with transgenic mice expressing
a TCR specific for peptide 323-339 of OVA in the context of
I-A® (OTII mice), hereafter referred to as OTKO mice. Phe-
notypic analysis of spleen and MS-LN and peripheral lymph
node (p-LN) CD4* and CD8" T cells revealed no significant
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FIG. 1. CD69 deficiency increases IL-17 release from naive CD4 " T cells. Naive CD4™" T cells were isolated from mesenteric lymph nodes and
spleens of WT and CD69 KO mice. The cells were cultured for 72 h with bound anti-CD3 and soluble anti-CD28, after which the indicated
cytokines in the culture supernatants were determined by Flow Cytomix cytokine array. The bars represent means * standard deviations (SD) of
triplicate measurements of three independent experiments (means *= SD of six mice per genotype). *, P < 0.01 (Student’s ¢ test).

differences between OTII and OTKO mice (Fig. 2A). TCR
(Vo2 chain) membrane expression levels on transgenic T cells
from these organs were also unaltered, which guarantees that
the potential changes observed in T-cell activation and differ-
entiation are not due to differences in TCR-mediated signaling
(Fig. 2B). When naive CD4 " T cells from OTII or OTKO mice
were differentiated in vitro under Th1, Th2, or Th17 polarizing
conditions with OVA peptide-loaded APCs, no significant ma-
jor differences were found in the secretion of Thl-specific
cytokines, and a mild increase of IL-4 and IL-5 Th2 cytokines
was seen in OTKO cells (Fig. 2C and D). Interestingly, IL-17
secretion was significantly higher in OTKO cells under all
polarizing conditions tested (Fig. 2C to E). Also, we found low
levels of IL-2 in OTKO cells cultured under Thl7-polarized
conditions. In addition, IFN-y was also decreased in OTKO
Th17 cells (Fig. 2E).

We then assessed the role of CD69 in determining the num-
bers of Th17 cells produced under different differentiation
conditions. CD69 was absent from the membranes of naive
CD4™" T cells but was similarly upregulated after the differen-
tiation of T cells toward Th1, Th2, or Th17 lineages, as well as
after culture with blocking antibodies under neutral conditions
(ThN) (Fig. 3A). Likewise, the proportions of IFN-y* cells
were similar under the different conditions tested and, more-
over, did not vary between OTII and OTKO cells (Fig. 3B). In
contrast, under Th17 differentiation conditions, the proportion
of IL-17" cells in OTKO cultures was statistically significantly
higher than in OTII cultures (Fig. 3B and C). In these exper-
iments, APCs from OTII and OTKO mice were equally able to
induce strong Th17 differentiation of OTKO CD4" T cells
(Fig. 3C), indicating that the expression of CD69 by APCs is

irrelevant for Th17 differentiation and supporting the idea that
the enhanced Th17 differentiation observed is a cell-autono-
mous property of CD69-deficient T lymphocytes.

CD69 KO mice show enhanced in vivo differentiation of
antigen-specific Th17 cells after antigen challenge. The key
Th17 transcription factor RORwt is constitutively expressed
by double-positive thymocytes and by T cells from lamina
propria (LP), the location of most Th17 cells in naive mice
(4, 12). To study the role of CD69 in the distribution of Th17
cells, we stimulated single-cell suspensions from spleen, MS-
LNs, Peyer’s patches (PP), and intestinal LP with P+1 (4 h)
and determined the percentages of IL-17- and IFN-vy-pro-
ducing cells. For all tissues analyzed, the percentages of
IL-17" and IFN-y" cells did not vary between OTII and
OTKO mice (Fig. 4A and B).

To study the influence of CD69 on the in vivo Th17 response
to specific antigens, we immunized OTII and OTKO mice with
OVA. The adjuvant used for immunization was either CFA,
which contains Toll-like receptor (TLR) agonist and is a highly
immunogenic inducer of Thl and Th17 responses, or curdlan,
a B-glucan that binds the C-type lectin Dectin-1 and preferen-
tially induces Th17 responses (17). After 4 days, draining
lymph node (DLN) cells were recovered and stimulated ex vivo
for 6 h with P+1, and the proportions of IL-17" and IFN-y*
cells were determined (Fig. SA and C). Alternatively, DLN
cells were cultured in the presence of OTII-specific peptide for
48 h and then stimulated with P+I, and the proportions of
IL-17" and IFN-y* cells were determined (Fig. 5B and D).
The percentage of IL-17" cells was significantly higher in DLN
cultures derived from OVA-plus-CFA-immunized OTKO
mice than in equivalent cultures from OTII mice (Fig. SA and
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FIG. 3. Enhancement of Th17 development in OTKO cells is T-cell intrinsic. (A) Flow cytometry of CD69 surface expression in naive and
lineage-differentiated CD4" T cells from OTII or OTKO mice. Anti-CD69 antibody was used to detect CD69 on freshly isolated (naive) cells; cells
polarized toward the Th1, Th2, or Th17 lineage; and cells differentiated under neutral conditions (ThN). (B) Flow cytometry of intracellular IFN-y and
IL-17 expression. Effector T cells differentiated as in panel C were restimulated (4 h) with PMA and ionomycin in the presence of brefeldin A. The cells
were permeabilized and stained with anti-IFN-y-allophycocyanin and anti-IL-17-phycoerythrin antibodies. The numbers in each panel indicate the
percentages of IFN-y™ cells (top left) and IL-17" cells (bottom right). (C) Enhanced Th17 differentiation of CD69-deficient cells is independent of CD69
on APCs. Naive CD4" T cells from OTII or OTKO mice were cultured under Th17 differentiation conditions in the presence of APCs derived from OTII
or OTKO spleens, and the percentage of IL-17" cells was determined after restimulation as described in the legend to Fig. 2. The bars represent means
SD of two independent experiments (means * SD of three mice per genotype). *, P < 0.05; #*, P < 0.01 (Student’s  test).

B). Similar differences in IL-17" populations were observed CD69-deficient mice with CII in CFA, following the protocol
between OTKO and OTII cultures derived from mice sensi- to induce arthritis in mice (26), resulted in a 2-fold increase in
tized with OVA plus curdlan (Fig. 5C and D). In contrast, the the IL-17" population in draining lymph nodes (Fig. 5E), con-
percentage of IFN-y™ cells did not vary significantly under any firming that the exacerbated arthritis response observed in
experimental conditions. Moreover, the immunization of CD69 KO mice correlated with enhanced Th17. Thus, CD69-

FIG. 2. CD69 deficiency increases IL-17 release from CD4" T cells differentiated under different lineage conditions. The T-lymphocyte
population distribution in OTII mice was not altered by CD69 deficiency. Total cell suspensions from spleen, mesenteric LNs (mLN), or pLN were
prepared from OTII and OTKO mice; stained with MAbs to CD4, CDS, and Va2 (a chain type in OTII TCR); and analyzed by flow cytometry.
(A) Dot plots showing CD4 and CDS expression. The numbers indicate the percentages of CD4- and CD8-positive cells. (B) Histograms showing
Va2 chain expression. The percentages of Va2-positive cells are indicated. The data are from one representative experiment out of three
independent experiments. (C, D, and E) Naive CD4™" T cells obtained as for Fig. 1 were cultured for 3 days in the presence of OVA peptide under
differentiation conditions for the Thl (C), Th2 (D), or Th17 (E) subpopulation (see Materials and Methods). The cells were then washed and
stimulated for 24 h with anti-CD3 and anti-CD28, and the cytokines in the culture supernatant were determined by Flow Cytomix cytokine array.
The bars represent means = SD of three independent experiments (means = SD of three mice per genotype). *, P < 0.05; #%, P < 0.01; %%, P <
0.001 (Student’s ¢ test).
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deficient mice were able to develop stronger in vivo Th17
responses to specific antigens, reinforcing the conclusion that
CD69 negatively regulates Th17 cell differentiation.

The CD69 cytoplasmic tail interacts with Jak3 and StatS. To
investigate the mechanism by which CD69 limits Th17 dif-
ferentiation, we performed a proteomic screen with biotin-
ylated peptides from the cytoplasmic tail of human CD69
and identified Statl as an interacting protein (data not

shown). Pulldown assays with a peptide containing the hu-
man CDG69 cytoplasmic tail showed its molecular association
with Statl, Stat5, Jak2, and Jak3 (Fig. 6A). To ascertain
whether endogenous CD69 binds to these signaling mole-
cules, immunoprecipitation assays were performed with hu-
man (Fig. 6B) and mouse (Fig. 6C) CD69 from activated
T-cell blast lysates. Whereas CD69 coprecipitated Statl,
Stat5, and Jak3, signals for Stat3, Jakl, or Jak2 were very
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weak or absent both in the human and in the mouse samples
(Fig. 6B and C).

To assess the role and the specificity of CD69 association
with the Jak3/Stat5S pathway in the regulation of Th17 differ-
entiation, we examined the effect of interfering with Stat5
signaling with chemical inhibitors of Jak3 and how these inter-
actions affected the expression of Thl7-related genes. Naive
CD4" T cells from OTII/OTKO mice were cultured under
Th17-skewed conditions, and Jak3 inhibitor was added (Fig.
6D). Quantitative reverse transcription (qQRT)-PCR revealed
that selective inhibition of Jak3 enhanced the transcription of
RORwt, IL-17A, and IL-23R in mouse OTII Th17 cells (Fig.
6D and data not shown), demonstrating that in CD69-express-
ing cells, Jak3 is essential for the regulation of Th17 differen-
tiation under these conditions.

Expression of essential Th17 differentiation transcription
factors is enhanced in CD69-deficient polarized CD4 T cells.
To further address the mechanism by which CD69 regulates
Th17 differentiation transcription factors, we assessed the ex-
pression of the various transcription factors critical for the
development of each effector T-cell lineage. Flow cytometry
analysis of Thl-differentiated cells revealed no differences in
the expression of T-bet between OTII and OTKO lymphocytes
(Fig. 7A). Likewise, in Th2-differentiated cells, the levels of
phospho-Stat6 and GATA3 were unaffected by CD69 defi-
ciency (Fig. 7B). In contrast, the percentage of phospho-Stat3™
cells, a transcription factor which regulates cytokine-mediated

generation of proinflammatory Th17 cells (10, 35), was higher
in OTKO polarized T cells (Fig. 7C). Moreover, Western blot
analysis revealed enhanced translocation of phospho-Stat3 to
the nucleus in OTKO Th17 cells (Fig. 7D), whereas signaling
through the IL-6 receptor in naive CD4" CD69-deficient T
cells was not affected (Fig. 7E).

Recent studies have established that Stat5 is a critical neg-
ative regulator of Th17 differentiation (15, 28), and analysis of
Stat5 phosphorylation revealed that the activation of this tran-
scription factor was impaired in OTKO Th17 cells compared
with OTII Th17 cells (Fig. 7F). Accordingly, mRNA levels of
ROR~t, another key Thl7 transcription factor (12), were
higher in CD69-deficient Th17 cells (Fig. 7G). These results
were further supported by the enhanced expression of I1L-17
and the IL-23R genes in OTKO Th17 cells (Fig. 7G). Thus, the
absence of CD69 favors the differentiation of Th17 cells by
enhancing the expression of transcription factors involved in
their differentiation without affecting the levels of factors im-
portant for Th1l or Th2 development.

Exogenous IL-2 restores the Stat5 activation pathway in
CD69-deficient cells. IL-2 has been shown to negatively regu-
late Th17 differentiation via Stat5 signaling in mice (15). Al-
though Th17-driven cultures lacked exogenous IL-2, the cyto-
kine was produced in low concentrations by the cells (Fig. 2E).
To avoid the differences between IL-2 secretion by Th17 OTII
and OTKO cells in culture and to further address the role of
CDG69 in Stat5 phosphorylation, we stimulated the cells for 3
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FIG. 7. Analysis of transcription factors and cytokines implicated in the differentiation of T cells. (A and B) CD4" T cells from OTII and
OTKO mice were cultured for 3 days under Thl or Th2 differentiation conditions and restimulated with anti-CD3 or CD3 plus anti-CD28
for 24 h, and the levels of intracellular T-bet (A) and phospho-Stat6 (Tyr641) (B) were measured by FACS. The Western blot shows the
expression of the Th2 transcription factor GATA-3 in nuclear extracts from in vitro-differentiated ThN, Th1, Th2, and Th17 cells. (C and
F) Three-day-differentiated Th17 T cells from OTII or OTKO mice were fixed, permeabilized, antibody stained for phospho-Stat3 (Tyr705)
(C) or phospho-Stat5 (Tyr694) (F), and analyzed by FACS. The bar charts show the percentages of phospho-Stat3™ and phospho-Stat5™ cells
in Th17 cell populations in one representative experiment out of three. Ab, staining of OTKO cells with an irrelevant polyclonal antibody.
The bars represent means = SD of three mice per genotype from three independent experiments; *, P < 0.01; %%, P < 0.001 (Student’s ¢
test). (D) Semiquantitative Western blot analysis of the ratio of phospho-Stat3 (Tyr705) to Stat3 content in nuclear and cytosolic extracts
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differentiated in vitro as for panel C. The data are representative of two independent experiments performed with six mice per genotype (the

bars show means * SD).

days under neutral conditions (ThN) in which the levels of IL-2
secreted by OTII and OTKO were comparable (Fig. 8A and
B). ThN cells from OTII or OTKO mice were stimulated for
24 h with CD3 and CD28, and the levels of Stat5S phosphor-

ylation were measured after intracellular staining by FACS
(Fig. 8C). We found that, even though the levels of IL-2 were
comparable in OTII and OTKO ThN cultures, the percentage
of phospho-Stat5™ cells was lower in OTKO cells (Fig. 8C),
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indicating that in these cells, Stat5 activation is partially inhib-
ited by the lack of CD69. In contrast, in the presence of exog-
enous IL-2, there were no significant differences in the phos-
phorylation of Stat5 between OTII and OTKO ThN cells (Fig.
8C), which indicates that the presence of this cytokine in the
culture restores activation of the pathway. Consequently, in the
presence of exogenous IL-2, the enhanced differentiation of
OTKO cells toward Th17 is inhibited to the levels of OTII cells
(Fig. 8D). To examine the effect of exogenous IL-2 directly in
Th17 differentiation, we performed differentiation cultures in
the presence of blocking antibodies to anti-IL-2 receptor
(CD25) to block IL-2 signaling (Fig. 8E). The addition of
anti-IL-2R antibodies partially inhibited Stat5 phosphorylation
(Fig. 8E) and increased the percentage of Th17 differentiation
in Th17 OTII cells (Fig. 8F), whereas these parameters were
not affected in Th17 OTKO cultures. These data indicate that
in the absence of CD69 Stat5 signaling is inhibited indepen-
dently of exogenous IL-2, and therefore, Th17 regulation is not
affected by this pathway, whereas the blockade of IL-2 signal-
ing in CD69-expressing cells stimulates differentiation toward
Th17 (Fig. 8F).

DISCUSSION

In this study, we have established that CD69 negatively reg-
ulates the in vitro and in vivo differentiation of T lymphocytes
toward the Th17 lineage. The increased potential of CD69-
deficient T cells to secrete IL-17 in vitro is not restricted to
Th17-polarizing conditions, since both IL-17 secretion and the
proportion of IL-17" cells were also enhanced under different
culture conditions. These observations indicate that the loss of
CDG69 causes an increase in the capacity of naive T cells to
secrete IL-17 after TCR activation that is independent of the
cytokine milieu. Notably, in the antigen-specific differentiation
system of OTII transgenic mice, the effect observed in CD69
KO mice occurs independently of whether the APCs used are
CD69 deficient, indicating that it is an intrinsic T-cell effect.
Moreover, the enhanced secretion of IL-17 also occurs in the
absence of APCs after activation with anti-CD3 plus anti-
CD28 MADs. In summary, all these data strongly indicate that
the loss of CD69 has an effect on Th17 differentiation that is
T-lymphocyte intrinsic and independent of differential interac-
tion with costimulatory molecules or putative CD69 ligands
present in APCs. Consistently, the absence of CD69 enhanced
the expression of ROR~yt and Stat3 transcription factors, as
well as Thl7-associated molecules, like IL-23R. In contrast,
typical Th1l or Th2 transcription factors, like T-bet for Thl or
Stat6 and GATA-3 for Th2 (27), were almost unaltered in
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CDG69-deficient cells, indicating that, unlike that of Th17, Thl
and Th2 differentiation were mostly unaffected. Although Th1
cytokines were unaltered, the observation of mild enhance-
ment of the Th2 cytokines IL-4 and IL-5 in cultures of T cells
from CD69 KO mice, together with the effect of CD69-medi-
ated suppression of IL-17, could be linked by the expression of
transcription factor c-Maf, which has been involved in both
Th2 and Th17 differentiation (2). In this regard, it has been
recently proposed that Th17 polarization would result from a
default response in CD4 T-cell differentiation, actively modi-
fied to give Thl and Treg (19). Our data suggest that early
induction of CD69 in T cells would facilitate the inhibition of
the “natural tendency” to generate Th17, allowing other out-
comes in the differentiation process. These findings provide the
first demonstration of the role of CD69 in the modulation of
Th17 cells and establish it as a key molecule in the regulation
of T-cell differentiation (Fig. 9).

The results presented here identify a previously unknown
function of CD69 as a regulator of T-lymphocyte differentia-
tion toward the Th17 lineage. The activation molecule CD69 is
widely expressed at sites of inflammation (7, 14). Our previous
work in the model of collagen-induced arthritis demonstrated
that CD69 deficiency exacerbates inflammation in the joints of
immunized mice (25, 26). We previously suggested that CD69
might prevent unchecked immune activation by regulating T-
effector differentiation (25). Our present results show that
CD69 acts as a brake on Th17 cell differentiation and demon-
strate that the cytoplasmic tail of CD69 physically associates
with Jak3/Stat5, establishing a link between CD69 and Stat5
phosphorylation and subsequent Th17 inhibition. Moreover,
the inactivation of the Stat5 pathway with chemical inhibitors
of Jak3, mimicking the situation in CD69-deficient cells, en-
hanced the transcription of RORyt and therefore differentia-
tion toward the Th17 lineage. In accord with this, it has been
demonstrated that IL-2 signaling via Stat5 negatively regulates
the differentiation of Th17 cells (15, 28, 32). Consistently, the
absence of CDG69 partially abrogates the phosphorylation of
Stat5 in vitro, whereas activation of the pathway can be re-
stored by adding exogenous IL-2, indicating that signaling
through CDG69, together with IL-2, is an important factor in the
control of Th17 differentiation. Although other cytokines, like
IL-2 or IFN-v, are inhibited in Th17-polarized cultures, this
could be due to the lack of CD69 signaling, since it has been
reported that the cross-linking of CD69 induced a prolonged
elevation of intracellular Ca®" and enhancement of IL-2 and
IFN-y gene expression (31).

Taken together, our work supports the role of CD69 as an
early controller of Th17 differentiation by a new mechanism in

FIG. 8. Exogenous IL-2 restores the Stat5 activation pathway in CD69-deficient cells. (A) CD4" T cells from OTII and OTKO mice were
cultured for 3 days under ThN or Th17 differentiation conditions, and the percentages of IL-2" cells in the CD4* gated population were measured
by FACS. The number in each panel indicates the percentage of IL-2" cells. The dot plots are representative of three independent experiments
with similar results. (B) Levels of IL-2 determined in ThN or Th17 culture supernatant by Flow Cytomix cytokine array. (C) Three-day-cultured
cells from OTII or OTKO mice under ThN conditions with or without exogenous rmIL-2 were fixed, permeabilized, antibody stained for
phospho-Stat5 (Tyr694), and analyzed by FACS. (D) Percentages of IL-17" cells in the CD4" gated OTII and OTKO cells from cultures
performed as for panel C. (E) Three-day-differentiated Th17 T cells from OTII or OTKO mice with or without anti-IL-2R antibody were stained
for phospho-Stat5 (Tyr694). (C and E) The bar charts show the percentages of phospho-Stat5™ cells in ThN (C) or Th17 (E) cell populations.
(F) Percentages of IL-17" cells in the CD4" gated OTII and OTKO cells from cultures performed as for panel E. The bars represent means *
SD of three independent experiments (means = SD of three mice per genotype). *, P < 0.05; *%, P < 0.001 (Student’s ¢ test).
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which the early induction of the molecule following antigen
activation modifies the fate of the differentiation of the T cells
and prevents differentiation toward Th17. However, we do not
propose CD69 as the unique inhibitory molecule implicated in
these processes, since of course, activated CD69-expressing
cells are able to differentiate toward Th17 cells. Additionally,
as the ligand(s) is still unknown, its cellular expression could
control the function of CD69 as a brake in vivo for Thl7
differentiation. CD69 could play a role in the regulation of
Treg function and somehow affect the balance of Thl7 re-
sponses in vivo. In this regard, the role of CD69™ cells in the
regulation of T-cell proliferation through TGF-B has recently
been described (8). To experimentally address this possibility
requires a detailed future study. Though much further work on
the regulation and function of CD69 is needed, our study has
revealed an important regulatory role for this molecule in
T-cell differentiation, has linked its expression to Th17 differ-
entiation for the first time, and has increased our knowledge of
the origin and progression of important chronic immune in-
flammatory diseases. Finally, this work places CD69 in the
category of other established negative regulators, such as
CTLA4, LAG3, or PD1 (6, 34), and explains the persistent
expression of this molecule, not only in inflammatory foci, but
also in T-cell-regulatory environments.
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