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Abstract

Regulatory T cells (Tregs) play an important role in the maintenance of peripheral tolerance. Several
molecules including TGF-B have been linked to the function and differentiation of Tregs. In this
study, we describe a unique population of T cells expressing a membrane bound form of TGF-f, the
latency-associated peptide (LAP), and having regulatory properties in human peripheral blood. These
CD4*LAP* T cells lack Foxp3 but express TGF-BR type I and the activation marker CD69.
CD4*LAP* T cells are hypoproliferative compared with CD4*LAP™ T cells, secrete IL-8, IL-9,
IL-10, IFN-y, and TGF-p upon activation, and exhibit TGF-p— and IL-10-dependent suppressive
activity in vitro. The in vitro activation of CD4*LAP~ T cells results in the generation of LAP* Tregs,
which is further amplified by IL-8. In conclusion, we have characterized a novel population of human
LAP* Tregs that is different from classic CD4*Foxp3*CD25M3" natural Tregs.

Central and peripheral mechanisms of tolerance prevent the development of autoimmune
disorders in the mature immune system. Central mechanisms of tolerance are based on the
deletion or inactivation of self-reactive clones (1). Peripheral mechanisms of tolerance are
based on the activity of a specialized subset of lymphocytes endowed with suppressive activity
(2,3). The importance of regulatory T cells (Tregs) for the maintenance of immune homeostasis
is highlighted by the autoimmune pathology that develops as a result of deficits in Treg activity

(4).

The immunoregulatory activity of Tregs has been linked to several molecules, such as Foxp3,
CTLA-4, TGF-B, and IL-10 (5-7). TGF-p has been shown to play an important role in the
differentiation, maintenance, and function of natural Tregs (8—12). We have identified amurine
Treg population that expresses latency-associated peptide (LAP) on the cell surface (13). LAP
is a propeptide that is noncovalently associated to the amino terminal domain of TGF-§,
forming a latent TGF-B complex. Mouse CD4*LAP™* Tregs suppress effector T cell function
in a TGF-B—dependent manner both in vitro and in vivo and have been shown to suppress
murine autoimmunity in experimental models of multiple sclerosis, systemic lupus
erythematosus, and diabetes (14-17). CD4TLAP* Tregs are present in healthy mice and can
be expanded by stimulation through the mucosal route, suggesting that these cells represent an
induced Treg population (14,15). Recently, Andersson et al. and Tran et al. (18,19) showed
that LAP is expressed by activated mouse and human Foxp3* Tregs. We have recently reported
the expression of LAP on the surface of immature tolerogenic dendritic cells (20) in human
peripheral blood. However, to date, LAP* T cells have not been detected in human peripheral
blood.
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In this study, we report the characterization of Foxp3-negative CD4*LAP™ Tregs present in
human peripheral blood. In vitro, the suppressive activity of CD4*LAP* Tregs is dependent
on both TGF-B and I1L-10. CD4*LAP* Tregs are induced in vitro by the activation of naive T
cells, and their generation is amplified by IL-8. Thus, CD4*LAP* T cells are a novel population
of activation-induced Tregs that are different from classic CD4*Foxp3*CD25"9" natural
Tregs.

Materials and Methods

Subjects

We collected blood from healthy controls (age 23-38 y) upon informed consent. This work
was approved by the institutional review board at Brigham and Women's Hospital, Boston,
MA.

Abs and reagents

Abs to CD3, CD28, IL-10, CD4, CD69, HLA-DR, and TGF-pRII and dead cell indicators
(annexin-PE/FITC and aminoactinomycin D [AAD]) were obtained from BD Biosciences (San
Jose, CA). Abs to Foxp3, IL-8, and IL-17 were obtained from eBioscience (San Diego, CA).
Ab to LAP (clone 27232) and rLAP protein were obtained from R&D Systems (Minneapolis,
MN). All RT-PCR primers and reagents were obtained from Applied Biosystems (Foster City,
CA). Human rIL-2 was obtained from the AIDS Research and Reference Reagent Program,
National Institute of Allergy and Infectious Diseases, Bethesda, MD.

Isolation of LAP* T cells

PBMCs were obtained by Ficoll density gradient. Total CD4" T cells were purified using a
Miltenyi Biotec (Auburn, CA) negative selection kit. CD4*LAP*, CD4*LAP~, and
CD4*LAP~CD25M9" T cells were obtained by FACS sorting using FACSAria (BD
Biosciences) excluding dead and dying T cell subpopulations to typical 96-98% purity in
postsort analysis.

Suppression assays
Responder T cells (CD4*LAP~CD25"/IOWT ce|ls) were activated with anti-CD3— (1 pg/107
beads) and anti-CD28— (1 ng/107 beads) coated beads for 5 d in the presence of Tregs
(CD4*LAP* or CD4*LAP-CD25M3N T cells) at a 2:1 (responder:regulatory) ratio.
CD4*LAP™ T cells were used as a control. Cells were pulsed with [3H]thymidine (1 uCi/well)
for 16-24 h at the end of the incubation period.

Cytokine signaling pathways

Cytokine signaling pathways were analyzed using reverse-phase protein arrays as previously
described (21). Abs directed against proteins and phosphoproteins involved in several signaling
pathways are listed in Supplemental Table I.

Induction of LAP* T cells

CD4*LAP~CD25"1oW T cells were FACS sorted and activated with plate-bound Abs to CD3
(1 pg/ml), soluble anti-CD28 (1 pg/ml), and recombinant human IL-2 (50 U/ml) in the presence
of either no cytokine, 1L-8 (100 ng/ml), or 1L-17 (10 ng/ml). After 6 d of differentiation, the
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cells were stained with Abs to LAP and were either analyzed by FACS or FACS sorted for
suppression assays.

Results and Discussion

Identification of CD4*LAP* T cells in human peripheral blood

To investigate the existence of CD4*LAP* T cells in human peripheral blood, we isolated T

cells and stained them with a murine anti-human LAP mAb. We found that a small percentage
(1.32%) of CD4* cells express LAP (Fig. 1A). The specificity of LAP staining was confirmed
by competing with an excess of rLAP (Fig. 1A). Among different individuals, we found that
the range of CD4*LAP* T cells was 0.1-1.5% compared with 0.75-3.0% for CD4*CD25high
T cells (Fig.1B). We also noted that CD4*CD25M3N T cells have the highest percentage of cells
that express LAP (7.62%) compared with CD4*CD25!" (2.09%) and CD4*CD25!°W (1.91%)
T cells (Fig. 1C). We observed increased expression of LAP on CD4*CD25M9" T cells in all
the individuals tested (range, 4—10%) as compared with CD4*CD25"VIoW T ce|ls (range, 0.5—
3%).

Selective expression of activation and regulatory markers on CD4*LAP* T cells

Based on the reported expression of LAP by in vitro activated Foxp3* Tregs (18,19), we
examined the coexpression of LAP and Foxp3 in ex vivo CD4*LAP* T cells by FACS. We
did not detect Foxp3 expression in any of the CD25 subsets of CD4*LAP* T cells (Fig. 2A).
To further confirm the lack of Foxp3 expression by CD4*LAP* T cells, we quantified Foxp3
MRNA by real-time PCR. In agreement with our FACS results, we found no expression of
Foxp3 mRNA by CD4*LAP*CD25" and CD4*LAP*CD25'°W, but markedly reduced Foxp3
expression in CD4*LAP*CD25M9N T cells as compared with CD4*LAP~CD25M9 T cells (Fig.
2B). Also, the CD4*LAP* T cells did not transiently express Foxp3 at 48 h following activation
(data not shown). In mice, Foxp3 directly correlates with the suppressive properties of Tregs.
In humans, however, the Foxp3 expression is not restricted to Tregs and can be detected in
activated effector T cells (22). Moreover, multiple subsets of Foxp3™ Tregs, such as Tr1 cells,
have been described (23). Our results show that CD4*LAP* Tregs are Foxp3-negative,
suggesting that they are different from naturally occurring CD4*Foxp3*CD25M9" Tregs.

To further characterize CD4*LAP* T cells, we analyzed CD4*LAP—, CD4*LAP™, and
CD4*LAP~CD25N9 T cells by FACS with a panel of Abs to molecules associated with Tregs.
We found high levels of TGF-BRII expression (56 + 7.4%; p < 0.05) only on CD4*LAP* T
cells as compared with CD4*LAP~ or CD4*LAP~CD25M9" T cells (Fig. 2C). TGF-BRII
expression is reported to be important for the peripheral maintenance of Treg numbers (24,
25). In comparison with both CD4*LAP~and CD4*LAP~CD25M9" T cells, CD4*LAP* T cells
expressed the early activation marker CD69 (38 + 16.3%; p < 0.05; Fig. 2C), suggesting that
asubset of LAP™ cells consists of activated or induced Tregs. CD69 is also expressed by murine
CD4*LAP* Tregs (15). Although CD69 is considered as an early activation marker (26,27),
CD69 signaling can also induce the synthesis of TGF-B (28). Indeed, CD69*Foxp3 CD4*
Tregs have been recently described and shown to inhibit T cell proliferation in vitro via
membrane-bound TGF-B (29). CD4*LAP* and CD4*LAP-CD25M9N T cells expressed slightly
increased levels of CD103 (1.7 = 0.58% and 1.8 + 0.84%, respectively) than CD4*LAP~ T
cells (0.74 + 0.51%; Fig. 2C). CD4*LAP™ T cells showed decreased or similar percentages of
HLA-DR™* T cells (6.4 + 6.3%) compared with CD4*LAP~CD25N9" T cells (11.5 + 7.5%; Fig.
2C). In addition, LAP* T cells have increased expression of gluco-corticoid-induced tumor
necrosis factor receptor, CTLA-4, and programmed death-1 compared with LAP™ T cells or
CD4*LAP~CD25M9" T cells (Supplemental Fig. 1). We observed similar expression levels of
CD3 among all T cell subpopulations (Fig. 2C). Taken together, our data suggest that
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CD4*LAP* T cells are induced Tregs for which numbers and activity are associated with Treg-
related markers including TGF-BRII, CD69, and CTLA-4.

Proliferation, cytokine profile, and suppressive properties of CD4*LAP* T cells

Next, we investigated the proliferation potential of CD4*LAP* T cells. CD4*LAP* T cells
showed a significant (p < 0.05) decrease in their proliferative response to activation with Abs
to CD3 and CD28 compared with CD4*LAP™ T cells in the presence of IL-2. CD4*LAP* T
cells seemed to proliferate more than CD4*LAP~-CD25M9 T cells, but this difference did not
achieve statistical significance (Fig. 3A).

To determine the cytokine profile of human CD4*LAP* T cells, we FACS sorted ex vivo-
isolated T cells into CD4*LAP~, CD4*LAP*, and CD4*LAP-CD25M3" T cells and stimulated
them with Abs to CD3 and CD28 in presence of IL-2 for 5 d. CD4*LAP* T cells secreted an
array of cytokines including IL-8, IL-9, IL-10, IFN-y, and TGF-p (Table I). We did not detect
the secretion of IL-8, IL-9, IL-10, and IFN-y by CD4*LAP~CD25M3" T cells. CD4*LAP™T
cells secreted lower levels of IL-8 and IL-9 as compared with CD4*LAP* T cells. In mice,
IL-9 is mainly produced by Th2 cells (30) and has been associated with the promotion of
inflammation (31). In addition, IL-9 can also be produced by Tregs (32) and can increase their
suppressive function (33). In human T cells, the function of IL-9 is still unknown.

To investigate the in vitro suppressive function of human CD4*LAP* T cells, we carried out
coculture experiments with CD4*LAP~CD25"1oW responder T cells. We observed 28 + 11%
(range, 14-42%) suppression by CD4*LAP* T cells as compared with 53 + 18% (range, 30—
75%) by CD4*LAP~CD25"9" T cells (Fig. 3B). We observed similar effects when measured
by CFSE dilution (Supplemental Fig. 2A). Suppression mediated by CD4*LAP* T cells or
expression of LAP did not change by activation of these cells in presence of anti-CD3, anti-
CD28, and IL-2 (Supplemental Fig. 2B, 2C). Furthermore, we observed no significant
differences in secretion of IFN-y and only a slight decrease in secretion of IL-2 (p < 0.05)
during coculture of responders T cells with CD4*LAP* T cells when compared with responders
T cells alone (Supplemental Fig. 2D). Because murine CD4*LAP* T cells mediate suppression
via both IL-10 and TGF-B (13715), we investigated whether these cytokines participate in the
suppressive activity of human CD4*LAP™ T cells. To address this question, we employed anti—
IL-10 Ab and rLAP, a potent neutralizer of TGF-p activity that binds to active TGF-p and
inhibits the binding of the LAP/TGF- complex to TGF-f binding factors (18 20). We found
that both TGF-f and IL-10 neutralization interfered with the suppressive activity of
CD4*LAP* T cells (>85% reversal of suppression; Fig. 3C). In contrast, neutralization of TGF-
B or IL-10 resulted in a partial blockade of the suppressive activity of CD4*LAP-CD25M9h T
cells (25% reversal of suppression; Fig. 3C), suggesting the involvement of an additional
contact-dependent suppressive mechanism. Taken together, these data demonstrate that
CDA4*LAP* T cells and CD4*LAP~CD25M9" T cells use different mechanisms to control their
target cells. Suppression mediated by CD4*LAP* T cells was reversed by separating responder
T cells from the Treg population by a transwell, demonstrating that both soluble and contact-
dependent mechanisms are involved in CD4*LAP* T cell-mediated suppression
(Supplementary Fig. 2E).

In vitro induction of CD4*LAP* T cells

To investigate the conditions that promote the generation of CD4*LAP* T cells, we studied
the signaling pathways active in CD4*LAP™* T cells using reverse protein arrays (21). We found
increased levels of 1L-8-dependent signaling in CD4*LAP™* T cells (Fig. 4A). To test whether
IL-8 plays a role in the generation of CD4*LAP* T cells, we activated CD4*LAP~ T cells in
presence of IL-8, IL-17, or no cytokines as control. The activation of CD4*LAP~ T cells with
Abs to CD3 and CD28 in the presence of IL-2 induced a small but significant number of
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CD4*LAP* T cells (2.8 + 1.4%; range, 1-4%; Fig. 4B). The addition of I1L-8 resulted in a
significant increase in the generation of CD4*LAP* T cells (3.6 + 1.6%; range 1-6.28%; p <
0.0005; Fig. 4B). IL-17 had no effect on CD4*LAP* T cell differentiation (Fig. 4B).

To determine whether in vitro-induced CD4*LAP* T cells are suppressive, in vitro IL-8—
differentiated CD4*LAP* T cells were sorted and cultured in the presence of responder T cells.
We found that induced CD4*LAP™* T cells have in vitro-suppressive activity (Fig. 4C). Indeed,
the suppressive activity of in vitro IL-8—induced CD4*LAP* T cells was higher than that
observed in freshly isolated CD4*LAP* T cells from peripheral blood (p < 0.05) (Fig. 4C).
The suppressive activity of IL-8—induced CD4*LAP™* T cells could be significantly decreased
by rLAP (89%) or anti—IL-10 (51%) (Fig. 4D). Treatment with IL-8 had no significant effect
on the suppressive activity of in vitro-induced CD4*LAP* T cells.

In summary, we have identified a unique population of human Tregs in the peripheral blood,
which express LAP on their surface and are different from CD4*Foxp3*CD25M9" T cells. The
induction of this novel subset can be increased in vitro in the presence of IL-8. A number of
human autoimmune conditions, including multiple sclerosis, exhibit defects in natural
CD4*CD25M9" Tregs (34). Our findings provide the opportunity to determine if defects in
CD4*LAP* Tregs are also present in human autoimmune conditions and identify
CD4*LAP* Tregs as a therapeutic target for the treatment of autoimmune disorders.
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FIGURE 1.

CD4 LAP

Identification of LAP*CD4* T cells in human peripheral blood. Human PBMCs were isolated
and analyzed by FACS. A, Left panel shows annexin”AAD CD3*CD4™" T cells stained with
anti-LAP Ab. Right panels show T cells stained with anti-LAP Ab in presence of rLAP. B,
Percentage of CD4*LAP*, CD4*LAP~, and CD4*CD259 T cells among different
individuals. C, Left panel shows gating criteria based on CD25 expression into CD25Mdh,
CD25!", and CD25/°W subpopulations. Right panels indicate overlay histogram plots
representing the LAP* T cell subpopulation in respective CD25M3" CD25/M, and CD25'°W T
cell subpopulations. The isotype control is the filled profile, and anti-LAP staining is the empty
profile. The percentages of LAP* T cells are indicated in each plot. Results are representative

of five independent experiments.
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FIGURE 2.

Selective expression of activation and regulatory markers on CD4*LAP* T cells. A, Foxp3
staining of CD25M9", CD25/", CD25!°W L AP*, and LAP™ T cells. Cells were stained with
AAD, annexin, CD3, CD4, CD25, and LAP followed by intracellular staining for Foxp3. B,
RT-PCR analysis to determine Foxp3 expression in respective FACS-sorted populations. C,
Human PBMCs were stained with AAD, annexin, CD3, CD4, CD25, LAP, and specific
markers including TGF-BRII, CD69, CD103, HLA-DR, and CD3. Filled blue profiles represent
isotype control; empty profiles represent specific staining for different Abs on selected
populations. The percentage of positive cells are indicated in each plot. Results are
representative of five independent experiments.
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FIGURE 3.

Proliferation and in vitro regulatory activity of CD4*LAP* T cells. A, CD4*LAP™,
CDA4*LAP*, and CD4*LAP~CD25M9" T cells were sorted and stimulated with anti-CD3 and
anti-CD28 for 5 d. Proliferation of respective T cell subpopulations is represented as a mean
(=SD) of three independent experiments. B, Responder T cells were cocultured with Treg
subpopulations in presence of anti-CD3— and anti-CD28—coated beads. Percent suppression
for each population is represented as mean (£SD) of three independent experiments. C,
Suppressive activity of CD4*LAP* T cells and CD4*LAP~CD25M3" T cells reversed by
blocking TGF-B (rLAP, 25 pg/ml) and anti—-IL-10 (20 pg/ml). Results are representative of
three independent experiments.
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FIGURE 4.

Signaling events in CD4*LAP* T cells and activation-induced generation of CD4*LAP* T
cells. A, CD4*LAP* and CD4*LAP™ T cells were analyzed by reverse-phase protein array to
identify specific cytokine signaling pathways active in CD4*LAP* T cells. B, CD4*LAP™ T
cells were cultured in presence of anti-CD3, anti-CD28, and IL-2 in addition to either no
cytokine (control) or I1L-8 or IL-17 for 6 d. Percentage of CD4*LAP* T cells post-activation
was calculated, assigning the control condition as 100%. C, Activation-induced CD4*LAP* T
cells are more suppressive compared with activation-induced CD4*LAP~ T cell population
and ex vivo-isolated CD4*LAP* T cells. Percent suppression for each population is represented
as mean (+SD) of three independent experiments. D, Activation-induced CD4*LAP* T cell
suppression is reversed by anti—IL-10 and rLAP. In C and D, a representative experiment of
three independent experiments is shown.
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Table |
Cytokine production by purified activated populations

Cytokine  Subject No. CD4*LAP~ CD4*LAP* CD4*LAP-CD25M"igh

IL-8 1 175 915 8
2 5 275 21
3 16 2120 2
IL-9 1 1931 7034 191
2 98 1382 84
3 64 890 18
IL-10 1 160 241 42
2 1 120 26
3 104 732 40
IFN-y 1 530 525 3
2 300 335 9
3 ND ND ND
TGF-p1 1 1075 2475 1962
2 1975 2208 2278
3 ND ND ND

Cytokine values are in pg/ml.
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