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Abstract
Oral immunization with a Salmonella vaccine vector expressing enterotoxigenic E. coli
colonization factor antigen I (CFA/I) can protect against collagen-induced arthritis (CIA) by
dampening IL-17 and IFN-γ via enhanced IL-4, IL-10, and TGF-β. To identify the responsible
regulatory CD4+ T cells making the host refractory to CIA, Salmonella-CFA/I induced
CD39+CD4+ T cells with enhanced apyrase activity relative to Salmonella vector-immunized
mice. Adoptive transfer of vaccine-induced CD39+CD4+ T cells into CIA mice conferred
complete protection, while CD39−CD4+ T cells did not. Subsequent analysis of vaccinated FoxP3-
GFP mice revealed the CD39+ T cells were composed of FoxP3-GFP− and FoxP3-GFP+

subpopulations. Although each adoptively transferred Salmonella-CFA/I-induced FoxP3− and
FoxP3+CD39+CD4+ T cells could protect against CIA, each subset was not as efficacious as total
CD39+CD4+ T cells, suggesting their interdependence for optimal protection. Cytokine analysis
revealed FoxP3− CD39+CD4+ T cells produced TGF-β, and FoxP3+CD39+CD4+ T cells produced
IL-10, showing a segregation of function. Moreover, donor FoxP3-GFP− CD4+ T cells converted
to FoxP3-GFP+ CD39+CD4+ T cells in the recipients, showing plasticity of these regulatory T
cells. TGF-β was found to be essential for protection since in vivo TGF-β neutralization reversed
activation of cAMP-response element-binding protein (CREB) and reduced the development of
CD39+CD4+ T cells. Thus, CD39 apyrase-expressing CD4+ T cells stimulated by Salmonella-
CFA/I are composed of TGF-β-producing FoxP3− CD39+CD4+ T cells and support the
stimulation of IL-10-producing FoxP3+ CD39+CD4+ T cells.
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Introduction
Regulatory CD4+ T cells have been studied extensively because of their ability to suppress
autoimmunity. Controlled by FoxP3 transcription factor, natural regulatory CD25+CD4+ T
(Treg) cells are generated in the thymus, suppressing the development of autoreactive T cells
(1–4). More notably, a variety of inducible regulatory CD4+ T (iTreg) cells’ responses to
soluble or infectious Ag exposure have been described (5, 6). These Treg cells mediate their
suppression by inhibiting inflammatory cell proliferation and cytokine responses in an Ag-
dependent or -independent fashion (7–10). Importantly, Ag-specific Treg cells show greater
potency (7–10) and are particularly adept in suppressing autoimmunity (8, 9). Lacking
CD25 expression, other regulatory T cell subsets (3, 11, 12) have been identified by their
functional attribute of producing IL-10 (11, 12) or TGF-β (6). The former subset, commonly
referred to as Tr1 cells, represents a diverse subset of regulatory T cells, which does not
necessarily express CD25 or FoxP3 (2, 11, 12). Similarly, TGF-β-producing regulatory
CD4+ T cells, also referred to as Th3 cells, require TCR stimulation, but feature bystander
suppression in an Ag-independent manner (13). More recently, expression of CD39 and/or
CD73 by regulatory FoxP3+ T cells has been shown (14–16). While we have shown that
regulatory CD39+ T cells can be further fractionated, being CD25− or CD25+ (10, 17), the
IL-35-induced CD25−CD39+ CD4+ T cell subset showed the greatest potency via IL-10
production, conferring complete protection against collagen-induced arthritis (CIA; 17).

CD39, an ectonuleoside triphosphate diphosphohydrolase, is expressed on the cell surface of
lymphocytes and dampens proinflammatory cells by ultimately converting extracellular ATP
to adenosine (14, 18). CD39 can be induced during apoptosis or after tissue damage when
ATPs are released into the extracellular milieu (14, 16). Free extracellular ATP stimulates
inflammatory responses by macrophages, particularly those that have been activated (19–21)
via P2 purinergic receptors (20), promoting TNF-α release and stimulation of nitric oxide
(20, 21). To dampen tissue destruction and inflammation, CD39 catalyzes extracellular ATP
hydrolysis and, together with CD73, results in the generation of free adenosine, a known
immunosuppressive agent (15). Adenosine receptor A2A is expressed by CD4+ T cells, and
when adenosine agonists are added to CD25−CD4+ T cells, these can inhibit effector T cell
proliferation (16). Additionally, Treg cells from CD39−/ − mice have been shown to lose
their ability to suppress effector T cell proliferation (16). Hence, the expression of CD39
apyrase defines a subset of regulatory CD4+ T cells sufficiently potent to control
inflammation.

CIA, a rodent model of human rheumatoid arthritis, is a CD4+ T cell-mediated inflammatory
disease. In DBA/1 or C57BL/6 mice, CIA can be induced upon immunization with
heterologous collagen type II (CII) (22, 23). While Th1 and Th17 cells are critical for
establishing arthritis (24, 25), Th2 cells are associated with protection against disease (26).
The regulatory cytokine, TGF-β, when given to mice after the induction of arthritis acts to
protect against further CIA development (27). Interruption of endogenous TGF-β signaling,
as in transgenic mice with truncated TGF-β type II receptor, develops a more severe disease
mediated by enhanced Th1 cell involvement (28).

In our previous studies, we have demonstrated that an attenuated Salmonella vaccine vector
expressing enterotoxigenic Escherichia coli colonization factor Ag I (CFA/I), Salmonella-
CFA/I, promotes bystander suppression of experimental autoimmune encephalomyelitis by
the means of Th2-type cytokine stimulation (29), as well as by the induction of regulatory
Foxp3+CD25+CD4+ T cells (5). When this same vaccine is given prophylactically to DBA/1
mice, it prevents CIA development, suppressing both Th1 and Th17 cell responses to CII
and stimulating the induction of IL-4-producing CD4+ T cells (10). Upon adoptive transfer
of Salmonella-CFA/I-generated CD25− or CD25+CD4+ T cells, both were equally potent

Kochetkova et al. Page 2

J Immunol. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



against CIA, but remained suboptimal in conferring protection. However, complete
protection was conferred upon adoptive transfer of total CD4+ T cells, and this protective
effect was abated upon TGF-β neutralization. Subsequently, it was found that an increased
frequency of CD39+CD4+ T cells accompanied clinical protection conferred by Salmonella-
CFA/I (10).

In the work described here, the regulatory CD39+CD4+ T cells stimulated subsequent
immunization of C57BL/6 mice with Salmonella-CFA/I were further characterized.
Adoptive transfer of Salmonella-CFA/I-induced CD39+CD4+, not CD39−CD4+, T cells
protected mice against CIA. The enhanced expression of CD39 by CD4+ T cells correlated
with accelerated ATP hydrolysis by Salmonella-CFA/I-induced CD4+ T cells. Considering
the recently reported mechanism for transcriptional regulation of CD39 via cAMP-response
element (CRE)-like motif (30), Salmonella-CFA/I-induced CD4+T cells featured enhanced
activation of cAMP-response element-binding protein (CREB) when compared to
Salmonella vector-induced CD4+ T cells. Since it was previously shown neutralization of
TGF-β abates Salmonella-CFA/I’s protection (10), we sought to determine the source of
TGF-β production. Interestingly, TGF-β production associated with FoxP3−CD25−CD39+

CD4+ T cells and the numbers of these T cells increased when compared to those induced by
the Salmonella vector. Since it has been shown TGF-β induces phosphorylation of CREB
(31), which in turn results in enhanced CD39 expression (30), our data strongly suggested
that Salmonella-CFA/I stimulates the generation of regulatory CD39+ CD4+ T cells that
confer protection against CIA via the production of TGF-β.

Materials and Methods
Mice

C57BL/6 8-wk-old males (Charles River Laboratories) and a breeding colony of FoxP3-
GFP-transgenic mice (Jackson Laboratory) were maintained at Montana State University
Animal Resources Center. Mice were kept in individual ventilated cages under high-
efficiency particulate absorbing-filtered barrier conditions. All experimental procedures
were concordant with institutional policies for animal health and well-being.

Immunizations
Mice were orally vaccinated with 5×109 CFU ΔaroA Salmonella enterica serovar
Typhimurium-CFA/I (Salmonella-CFA/I, strain H696) or its isogenic vaccine vector (strain
H647 lacking the cfa/I operon), as described in previous studies (10, 29). A separate control
group of mice received sterile PBS. Vaccinations were conducted on day 14 or day 21 post-
CII challenge, as described in the text.

Induction and clinical evaluations of CIA
CIA induction in C57BL/6 mice was similar to that previously described (6). Briefly, 100 μg
of chicken CII (Chondrex) emulsified in complete Freund’s adjuvant containing 4 mg/ml
killed Mycobacterium tuberculosis (Chondrex) was injected s.c. in the tail (Chondrex
protocol; 22). Generally, clinical manifestation of arthritis occurred about day 21 post-
challenge, and by day 35, nearly 100% of animals developed disease. Mice were scored
using a scale of 0–3 for each limb for a maximal total score of 12 (10): 0, no clinical signs;
1, mild redness of a paw or swelling of single digits; 2, significant swelling of ankle or wrist
with erythema; 3, severe swelling and erythema of multiple joints.

Histopathology
Upon study termination, joint sections were fixed in 10% neutral buffered formalin and
decalcified in 5% formic acid for 3–6 days, embedded in paraffin, cut at 8 μm sections, and
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stained with H&E or toluidine blue, as previously described (10). Each joint was scored: 0,
no changes; 1, synovial hyperplasia and mild inflammatory infiltration; 2, pannus formation
with cartilage degeneration; and 3, severe inflammatory infiltration with bone and cartilage
destruction. Paws and knee joint sections were evaluated with a total maximum score of 18
possible per mouse. Cartilage degeneration was scored in toluidine blue stained sections
using a scale of 0–3: 0, no changes in cartilage morphology; 1, minimal proteoglycan and
chondrocytes loss in superficial zone; 2, chondrocytes and proteoglycan loss into middle
zone above tidemark; 3, severe matrix and chondrocytes loss through tidemark.

Cytokine ELISA
Upon termination of studies, axillary, popliteal, inguinal, and iliac lymph nodes (LNs) from
Salmonella-CFA/I-, Salmonella vector-, or PBS-treated C57BL/6 mice were isolated; CD4+

T cells were then sorted by magnetic beads using Dynal Mouse CD4 Negative Isolation kit
(Invitrogen) (>95% purity). CD4+ T cells (106/ml) were restimulated with 50 μg/ml CII (T
cell Proliferation Grade, Chondrex) in a complete medium [CM; RPMI 1640 containing
10% of FBS (Atlanta Biologicals), 50 μM 2-ME (Sigma-Aldrich), and the supplements
(Invitrogen-Life Technologies): 2 mM L-glutamine, 100 U/ml penicillin, 100 μg/ml
streptomycin, 1 mM sodium pyruvate, and 0.1 mM nonessential amino acids], in the
presence of syngenic irradiated (3000 rad) APCs for 4 days at 37°C, 5% CO2. IFN-γ, IL-4,
IL-10, IL-17, TGF-β capture ELISAs were performed on collected cell culture supernatants,
as previously described (10,17).

Flow cytometry
For CD39+CD4+ T cells analysis, C57BL/6 or FoxP3-GFP transgenic mice were orally
immunized with 5×109 CFU of Salmonella-CFA/I or Salmonella vector. Individual splenic,
Peyer’s patch (PP), mesenteric LN (MLN), and head and neck LN (HNLN) cells were
evaluated on days 7, 14, and 21 after immunization. Immunofluorescent staining was
performed with fluorochrome-labeled mAbs: CD4, CD39, FoxP3 (eBioscience, San Diego,
CA), and CD25 (BD Pharmingen). For surface TGF-β staining of CD4+ T cells, biotinylated
anti-TGF-β mAbs (R&D Systems) paired with fluorochrome-conjugated streptavidin (BD
Pharmingen) were used. For analysis of FoxP3 expression in recipients of Salmonella-CFA/I
induced FoxP3− and FoxP3+ CD4+ T cells, spleens and LN cells were stained, as described,
after following CIA course. For intracellular IL-10 detection, on day 14 post-immunization
with Salmonella-CFA/I or Salmonella vector, splenic and MLN lymphocytes were
stimulated in vitro with 25 ng/ml PMA and 1 μg/ml ionomycin and treated with 10 μg/ml
brefeldin A for 6 hours. Following surface marker staining, cells were fixed with 2%
paraformaldehyde, permeabilized with 0.2% saponin and stained with PE-labeled anti-IL-10
(BD Pharmingen). For analysis of phosphorylated CREB expression, on day 14 post-
Salmonella immunization, lymphocytes from combined MLNs and HNLNs of individual
mice were incubated for 15 min with 25 ng/ml PMA and 1 μg/ml ionomycin in CM,
harvested, and washed with staining buffer (0.1% BSA in Ca2+/Mg2+ free PBS). After
staining for cell surface expression of CD4, CD39, and CD25, lymphocytes were washed,
fixed with 2% paraformaldehyde, and then permeabilized with ice-cold methanol at 4°C for
10 min. Following extensive washing, cells were then stained with PE-anti-CREB(pS133)/
ATF-1 (pS63) mAb (BD™ Phosflow). Fluorescence was acquired on an LSR II flow
cytometer (BD Biosciences) with BD FACSDiva software. All samples were analyzed using
FlowJo software (Tree Star).

Evaluation of ectonucleoside triphosphate diphosphohydrolase activity
Mice were immunized, as described above. Quantification of ATP hydrolysis was performed
using BioAssay Systems’ QuantiChrom™ ATPase/GTPase Assay Kit (BioAssay Systems).
On day 14, post-immunization with Salmonella-CFA/I, Salmonella vector, or sterile PBS,
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dilutions of cell-sorted HNLN and MLN CD4+ T cells in 0.9% saline (Baxter Healthcare
Corporation), buffered with 10 mM HEPES (Invitrogen Life Tech.), were incubated with 40
nmoles of ATP (Sigma-Aldrich) for 10 minutes at 37°C and 5% CO2 in 96-well cell culture
plate per the kit manufacturer’s instructions. ATP was not added in negative control wells.
PO4

3− concentrations were calculated from the standard curve after absorbance reading at
630 nm. Increases in PO4

3− concentrations as a result of extracellular ATP hydrolysis were
determined as the difference between PO4

3− concentrations in reaction wells with added
ATP from PO4

3− concentrations in corresponding control wells lacking exogenously added
ATP. ATPase activity was calculated as fmoles of phosphate/sec per cell.

Adoptive transfer studies
Arthritis was induced in C57BL/6 mice on day 0. Simultaneously, as a source of donor cells,
separate groups of C57BL/6 and FoxP3-GFP transgenic mice were immunized with either
Salmonella-CFA/I or Salmonella-vector, and CD4+ T cell subsets were subsequently
isolated from HNLNs and MLNs on day 14 post-immunization. To obtain CD39−CD4+ and
CD39+CD4+ T cells, magnetic bead-sorted (CELLection Biotin Binder Kit; Invitrogen) total
CD4+ T cells from Salmonella-CFA/I- or Salmonella vector-immunized donors were
purified (purity >90% each). To obtain FoxP3-GFP− CD4+ and FoxP3-GFP+ CD4+ T cells,
total CD4+ T cells were stained with PE-anti-CD4 mAb and cell-sorted using a FACSAria
(purity >95% each). Each subset (1×106 donor cells) was subsequently adoptively
transferred i.v. into to mice previously induced with CIA 2 wks earlier. To obtain FoxP3-
GFP−CD39+CD4+ and FoxP3-GFP+CD39+CD4+ T cells, total CD4+ T cells stained with
PE-anti-CD4 and Alexa Fluor 647-anti-CD39 and cell-sorted using a FACSAria (purity
>95% each). Each subset (5×105 donor cells) was given i.v. to mice with CIA induced 2
weeks earlier. For each adoptive transfer experiment, development of disease was followed.

In vivo TGF-β neutralization
Mice were immunized with Salmonella-CFA/I or Salmonella vector, as described above.
Beginning on the day of immunization, 250 μg of TGF-β-specific mAb (clone 1D11.16.8,
Bio × Cell, West Lebanon, NH) was given i.p every other day for a total of four doses (total
of 1 mg mAb/mouse).

Statistics
Non-parametric Mann-Whitney U test was used for statistical analysis of CIA clinical
scores, histology scores, and cartilage destruction. Incidence of arthritis was statistically
validated with Fisher’s exact probability test. Student’s t test and one-way ANOVA were
used for analysis of cytokine ELISA results and flow cytometry data. Results were
considered statistically significant if p-value was less than 0.05.

Results
Intervention with Salmonella-CFA/I optimal 14 days post-CII challenge

Previous work has shown that oral immunization with Salmonella-CFA/I seven days prior to
CIA challenge could prevent subsequent development of disease (10). To determine the
vaccine’s efficacy after CIA induction, groups of C57BL/6 mice were challenged with
heterologous CII on day 0, and then on days 14 (Fig. 1A) or day 21 (Fig. 1B) mice were
orally dosed with Salmonella-CFA/I (strain H696). As control, one group was orally dosed
with its isogenic Salmonella vector (strain H647), and another group was given sterile PBS.
Of the mice treated with Salmonella-CFA/I on 14 days post-CII challenge, only 10% of the
mice developed disease, unlike the control groups with disease incidence of 90% – 100%
(Fig. 1A). The average clinical score was also remarkably reduced in the Salmonella-CFA/I-
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treated group (Fig. 1A). In contrast, only partial protection of the mice treated with
Salmonella-CFA/I on day 21 post-CII challenge was observed (Fig. 1B). Although disease
incidence was reduced by this late intervention, 60% of the treated mice did develop CIA
and, only after day 35, did the average clinical score stay significantly less than in control
groups. Notably, immunization with Salmonella vector at either time point increased disease
severity of arthritis when compared with the PBS group.

Histopathological analysis of joint sections was performed at study termination. Joints from
mice treated with Salmonella-CFA/I on day 14 post-CII challenge showed only mild edema
and synovial hyperplasia (Fig. 1C). Toluidine blue stained sections demonstrated minimal
cartilage changes when compared to normal joints. In contrast, median sections from both
control groups showed bone and cartilage erosions with proteoglycan and chondrocytes loss
(Fig. 1C). Average histology scores and estimated cartilage losses in the Salmonella-CFA/I
group were significantly lower than in the PBS- or Salmonella vector-treated groups (Fig.
1D). Hence, protective intervention by Salmonella-CFA/I was best on day 14 post-CII
challenge and suboptimal when intervention occurred on day 21.

Protection from CIA after immunization with Salmonella-CFA/I associated with suppressed
Th1 and Th17 cells and enhanced regulatory responses

Previously, the Salmonella-CFA/I vaccine was shown to stimulate both Th2-type responses
(9, 10, 29), as well as stimulate diverse regulatory T cell subsets (9, 10). To assess the types
of cytokines induced, cytokine analysis was performed with purified CD4+ T cells
restimulated with CII in the presence of naive APCs (Fig. 2). Examination of responses from
CD4+ T cells obtained from mice treated 14 days post-CII challenge showed both IFN-γ and
IL-17 were significantly suppressed by as much 2- and 3.3-fold, respectively, in the
Salmonella-CFA/I-treated group (Fig. 2A). On the other hand, both IL-4 and IL-10 were
potently stimulated with > 200-fold increases in IL-4 and with 6- to 7-fold increases in IL-10
when compared to control groups (Fig. 2A). TGF-β secretion was detected in both
Salmonella vector- and Salmonella-CFA/I-treated groups, albeit 2-fold greater TGF-β
production by the latter treatment group; none was produced by the PBS-dosed mice (Fig.
2A). In contrast, the observed suppression of IFN-γ and IL-17 was lost in mice treated with
Salmonella-CFA/I on day 21 post-challenge (Fig. 2B), supporting the clinical findings. IL-4
was still potently induced, albeit the IL-4 response was reduced ~ 4-fold relative to day 14
treatment by Salmonella-CFA/I. Notably, IL-10 production in mice treated with Salmonella-
CFA/I on day 21 post-induction essentially exceeded IL-10 level in day 14 treatment group
(Fig. 2A, B), but this was insufficient to suppress the inflammatory responses. TGF-β was
again induced in Salmonella vector and Salmonella-CFA/I day 21 treatment groups, though
30% decrease in TGF-β secretion resulted from Salmonella-CFA/I group relative to day 14
treatment (Fig. 2A, B). These results showed that intervention at day 14 post-challenge
effectively suppressed the development of Th1 and Th17 cells.

Salmonella-CFA/I stimulates CD39+CD4+ T cells protective against CIA
Previously, immunization of DBA/1 mice with Salmonella-CFA/I has been shown to
stimulate the induction of CD25− and CD25+ FoxP3+CD4+ T cells, accompanied by
enhanced expression of CD39 (10). Yet, adoptive transfer of total CD4+ T cells, not
CD25+CD4+ T cells, protects against CIA (10), suggesting CD25 expression is not a
correlative protective phenotype. In this study, increased frequency of CD39+CD4+ T cells
was observed by C57BL/6 mice on day 14 after immunization with Salmonella-CFA/I (Fig.
3A). To assess whether this increased CD39 expression correlated to enhanced enzymatic
activity, apyrase activity was measured (Fig. 3B). The rate of extracellular ATP hydrolysis
by Salmonella-CFA/I-induced CD4+ T cells was significantly enhanced 5-fold in its apyrase
activity (p = 0.026) when compared to CD4+ T cells from Salmonella vector- or PBS-

Kochetkova et al. Page 6

J Immunol. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



immunized mice. Thus, a modest increase in CD39 expression corresponded to a robust
apyrase activity enhanced by Salmonella-CFA/I extracellular ATP conversion into AMP by
surface CD39.

To learn when CD39 expression was optimally induced, a kinetic analysis of CD39
expression by splenic, PP, MLN, and HNLN CD4+ T cells was performed. C57BL/6 mice
were orally immunized with Salmonella-CFA/I or Salmonella vector, and CD39 expression
was assessed by flow cytometry on days 7, 14, and 21 post-immunization. Significantly
greater (~2-fold) frequencies of CD39+CD4+ T cells were observed in MLNs and HNLNs of
Salmonella-CFA/I-immunized mice on days 7 and 14 compared with vector-immunized
animals (Fig. 3C). No significant differences in CD39 expression by splenic and PP CD4+ T
cells were observed.

To test if Salmonella-CFA/I-stimulated CD39+CD4+ T cells were sufficiently potent to
protect against CIA, HNLN and MLN CD39+CD4+ and CD39−CD4+ T cells were cell-
sorted 14 days post-immunization from Salmonella-CFA/I- or Salmonella vector-immunized
mice. These T cell subsets were adoptively transferred to groups of mice already induced
with CIA 14 days earlier. CD39−CD4+ T cells from either Salmonella-CFA/I- or Salmonella
vector-immunized mice were not protective against CIA (Fig. 3D-left panel). In contrast,
CD39+CD4+ T cells from Salmonella-CFA/I-immunized mice suppressed the development
of arthritis, but the same subset from Salmonella vector-immunized mice was ineffective
against disease (Fig. 3D-right panel). Thus, the results of adoptive transfer show that
Salmonella-CFA/I-stimulated CD39+CD4+ T cell subset is protective against CIA.

Salmonella-CFA/I-induced CD39+CD4+ T cells are functionally heterogenous
To determine whether CD39 expression by CD4+ T cells also correlated to FoxP3
expression, FoxP3-GFP transgenic mice were orally immunized with Salmonella CFA/I.
Flow cytometry analysis on day 14 post-immunization revealed nearly 50% increased in
FoxP3 expression by CD4+ T cells relative to Salmonella vector-immunized mice (Fig. 4A).
The majority of FoxP3+CD4+ T cells did express CD39; however, not all CD39+CD4+ T
cells in both immunization groups were FoxP3+ (Fig. 4A).

Thus, we queried the relative contribution of FoxP3-GFP− and FoxP3-GFP+ CD4+ T cells to
protect against CIA. As with previous adoptive transfers, FoxP3-GFP male mice were orally
immunized with either Salmonella vector or Salmonella-CFA/I, and after 14 days, CD4+ T
cells were sorted for FoxP3-GFP− and FoxP3-GFP+ subsets and adoptively transferred into
B6 males induced with CIA 2 wks earlier. Notably, Salmonella-CFA/I-stimulated
FoxP3−CD4+ and FoxP3+CD4+ T cells each conferred ~50% protection against CIA, but
importantly, clinical disease was significantly suppressed, bearing a clinical score of 1
versus 6 for control groups (Fig. 4B). Salmonella vector-induced FoxP3-GFP+CD4+ T cells
provided partial protection only until day 30 post-challenge, but eventually all of the mice
developed disease and were not significantly different from PBS control group (Fig. 4B-
right panel). Upon termination of the study, flow cytometry analysis of recipients’ splenic
and LN CD4+ T cells was performed. The spleens of recipients given FoxP3-GFP+CD4+ or
FoxP3-GFP−CD4+ T cells from Salmonella vector-treated mice showed a similar frequency
of FoxP3-GFP+ CD4+ T cells, ~ 4% of total CD4+ T cells. In contrast, significantly lower
percentages of FoxP3-GFP+ CD4+ T cells were observed in recipient spleens of Salmonella-
CFA/I-induced FoxP3-GFP+ CD4+ T cells relative to recipients of Salmonella vector -
induced FoxP3-GFP+CD4+ T cells (Fig. 4C). Interestingly, recipients of FoxP3-GFP−
CD4+T cells from either Salmonella-CFA/I- or Salmonella vector-immunized mice
exhibited converted FoxP3-GFP+ CD4+ T cells predominantly in spleens, and a significantly
higher frequency of the converted phenotype was observed in recipients of FoxP3−CD4+ T
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cells from Salmonella-CFA/I-immunized mice (Fig. 4C). Further analysis of converted
FoxP3−GFP+ CD4+ cells showed 90% of them being CD39+ (Fig. 4D).

To assess whether the protective phenotype was retained with FoxP3-GFP−CD39+CD4+ T
cells, an additional cell sorting experiment was performed. On day 14 after immunization of
FoxP3-GFP Tg mice with Salmonella-CFA/I, FoxP3-GFP− and FoxP3-GFP+ CD39+CD4+

T cells were sorted and each adoptively transferred into mice with CIA. Both recipient
groups showed a similar onset of CIA delayed until day 33–35, whereas PBS control
group’s first symptoms of arthritis appeared on day 23 (Fig. 4E). Upon termination of the
study, 60% and 40% protection was conferred by FoxP3-GFP−CD39+CD4+ and FoxP3-
GFP+CD39+CD4+ T cells, respectively (Fig. 4E). Both FoxP3− and FoxP3+ subsets of
Salmonella-CFA/I-stimulated CD39+CD4+ T cells provided strong suppression of clinical
disease (Fig. 4E). Maximum average clinical score of 0.6 was found in recipients of FoxP3-
GFP−CD39+CD4+ T cells, maximum average clinical score of 1.6 was seen in recipients of
FoxP3-GFP+CD39+CD4+ T cells versus average score of 6.25 in control group. Yet disease
incidence was still apparent in both recipient groups given T cells from Salmonella-CFA/I-
vaccinated mice. Collectively, these data showed the vaccine-induced protective
CD39+CD4+ T cells are heterogenous, and Salmonella-CFA/I-induced FoxP3−CD39+CD4+

and FoxP3+CD39+CD4+ T cells are both required for protection against CIA.

Salmonella-CFA/I-induced FoxP3− CD39+CD4+ T cells are a TGF-β-producing subset
Past studies have shown the relevance of exogenous and endogenous TGF-β to dampen CIA
(27, 28). Previously, it was reported treatment with an anti-TGF-β mAb abated the
protective capacity by the adoptively transferred CD4+ T cells induced by Salmonella-CFA/I
vaccine (10). In this current investigation, the role of TGF-β was further analyzed to
determine which CD4+ T cell subset was induced by Salmonella-CFA/I and responsible for
TGF-β production. FoxP3-GFP transgenic mice were immunized with Salmonella-CFA/I or
Salmonella vector, and flow cytometry analysis was performed on day 14 post-
immunization for surface TGF-β expression. Interestingly, TGF-β was mostly expressed by
FoxP3−CD4+ T cells by Salmonella-CFA/I-immunized mice (Fig. 5, A and B). Amongst the
gated CD39+CD4+ T cells, the frequency of TGF-β+ cells was nearly 4-fold less in the
CD25+CD39+CD4+ T cell subset than in CD25−CD39+CD4+ T cells (Fig. 5B). Moreover,
TGF-β-producing cells associated for the most part with CD39+CD4+ T cells and minimal to
none with the CD39−CD4+ T cells (Fig. 5C). A kinetic analysis was performed to determine
absolute numbers of TGF-β+CD39+CD4+ T cells, and on day 14 post-immunization with
Salmonella-CFA/I, the TGF-β-producing cells were significantly enhanced compared to
Salmonella vector-immunized mice in all tested tissues, spleens, PPs, MLNs, and HNLNs
(Fig. 5D). Analyzing gated CD25+CD4+ T cells, we did not find any difference in TGF-β
production between Salmonella-CFA/I- and Salmonella vector-immunized mice, except in
spleens at 3 wks post-immunization and MLNs at 2 wks time point (Fig. 5D), but the
number of TGF-β+ CD25+CD4+ T cells in MLN was ~6-fold less than TGF-β+CD39+CD4+

T cells (Fig. 5D).

Analyzing IL-10 expression by CD4+ T cells on day 14 after immunization with Salmonella-
CFA/I, FoxP3+CD39+CD4+ T cells showed greater intracellular IL-10 staining than the
FoxP3− or CD39− T cells (Fig. 6A); IL-10-specific MFI was ~2.5-fold greater than
FoxP3−CD39+CD4+ subset and 4.7-fold greater than CD39−CD4+ T cells (Fig. 6A and B).
The same FoxP3+CD39+CD4+ T cells from Salmonella vector-immunized mice showed no
IL-10 (Fig. 6B). These data demonstrated Salmonella-CFA/I vaccination induces
heterogenous protective CD39+CD4+ T cells in which FoxP3−CD39+CD4+ T cells are
capable of producing TGF-β, whereas FoxP3+CD39+CD4+ T cells are responsible for IL-10
production.
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Salmonella-CFA/I-induced CD39 expression mediated by activation (phosphorylation) of
cAMP-response element-binding protein (CREB)

Recently, CD39 expression by mononuclear cells has been reported to be transcriptionally
regulated through cAMP/CREB pathway (30). Accelerated phosphorylation of CREB by
vascular smooth muscle cells treated with TGF-β has been also reported (31). To test if
Salmonella-CFA/I-stimulated CD39 expression involves CRE-like sequence element
transcriptional control and whether activation of CREB by phosphorylation of its serine 133
by the CD4+ T cells depends on TGF-β signaling, TGF-β was neutralized in vivo in
Salmonella-CFA/I- or Salmonella vector-immunized mice. Starting the day of
immunization, i.p. treatments were performed without or with anti-TGF-β mAb, and
additional treatments were conducted every other day for a total of four doses. Subsequent
mAb treatments, activated (phosphorylated) CREB by splenic and combined MLN and
HNLN CD4+ T cells from individual mice was measured by flow cytometry. Analysis
revealed that Salmonella-CFA/I-induced CD4+ T cells showed significant enhancement of
activated CREB (CREB-pS133) by splenic (Fig. 7, A and C) and LN CD4+ T cells (Fig. 7, B
and C). Comparing CREB (pS133) mean fluorescence-intensity (MFI) by CD4+ T cells from
Salmonella-CFA/I- or Salmonella vector-immunized mice treated without or with anti-TGF-
β mAb, in vivo TGF-β neutralization was found to inhibit phosphorylation of CREB by
splenic and LN CD4+ T cells from Salmonella-CFA/I-immunized mice (Fig. 7, A–C),
whereas TGF-β neutralization had no impact upon CREB phosphorylation by CD4+ T cells
from Salmonella vector-immunized mice (Fig. 7, A–C). Interestingly, TGF-β neutralization
reduced almost in half the percentage of CD39+ CD4+ T cells in LNs of Salmonella-CFA/I-
immunized mice, while the frequency of CD39+CD4+ T cells in Salmonella vector-
immunized mice remained unchanged (Fig. 7D). Thus, these data showed that Salmonella-
CFA/I vaccine stimulates CD39+CD4+ regulatory T cells and requires the participation of
TGF-β via cAMP/CREB pathway.

Discussion
CIA is a rodent model disease widely exploited to develop new approaches for prevention
and treatment of arthritis (32). Treatment with microbial products has been shown to prevent
CIA (33) or reverse developing arthritis (34). In a similar fashion, we have shown that a
single dose of a live bacterial vaccine, Salmonella-CFA/I, when given to DBA/1 mice 7
days prior CIA induction, prevents development of disease (10). To test its therapeutic
potential, Salmonella-CFA/I was given to C57BL/6 mice previously challenged with CII.
Two time points, post-CII challenge, were evaluated. By day 14 post-CII challenge, mice
generally developed CD4+ T cell responses to CII (10); hence, it was hypothesized treatment
at this time should interfere with the development of CII-specific effector CD4+ T cells and
delays CIA onset or completely protects from clinical manifestation of arthritis. As such,
protection against clinical disease similar to prophylactic immunization (10) with
Salmonella-CFA/I was obtained, while control mice immunized with Salmonella vector
developed a more severe arthritis than mice from PBS-treated group. In contrast, this
therapeutic impact by Salmonella-CFA/I was weakened when mice were dosed on day 21
post-CII challenge and when first evidence of the clinical symptoms generally appears.
Although statistically significant suppression of CIA incidence was observed, 60% of
Salmonella-CFA/I-vaccinated mice developed disease. Nonetheless, disease severity by 5
weeks after post-CII challenge was still significantly less than disease for PBS- or
Salmonella vector-treated groups.

Timing of intervention was also important in reversing the development of the inflammatory
CD4+ T cells. Treatment on day 14 resulted in nearly 2-fold reduction of IFN- γ and IL-17,
whereas this dampening of inflammatory CD4+ T cells was lost when mice were treated on
day 21 post-CII challenge, as evidenced by no differences in IFN-γ and IL-17 production
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versus control diseased animals. Since IFN-γ responses have been reported to be elevated
during early and late stages of CIA in C57BL/6 mice (23, 24), Salmonella-CFA/I not
suppressing IFN-γ when treated on day 21 post-CII-challenge correlates with higher disease
incidence. IL-17 contributes to arthritis pathogenesis supporting osteoclastogenesis via
induction of RANKL expression on CD4+ T cells and osteoblasts (35). In addition, IL-17
enhances IL-1β and IL-6 production by infiltrating polymorphonuclear leucocytes (36). In
this study, maximum clinical protection by Salmonella-CFA/I was associated with its
capability to down regulate the development of Th17 cells.

Although the Th2-type cytokine, IL-4, is not typically detected in mice with CIA (17, 32), it
has been shown to play an essential role in protection against CIA. IL-4 −/ − mice fail to be
tolerized by intravenous CII prior CIA induction (26), and in a similar fashion, IL-4
neutralization reverses tolerization by CII-specific splenocytes (26) or reverses protection by
Salmonella-CFA/I-induced CD4+ T cells (10). IL-4 can suppress rheumatoid inflammation
by inhibiting Th1 cells development and stimulating inducible regulatory FoxP3+CD4+ T
cells (37). However, as reflected by the clinical disease, stimulation of CII-specific Th2 cells
as a result of day 21 immunization with Salmonella-CFA/I was insufficient to counteract
CII-specific Th1 and Th17 cells, as accomplished with day 14 intervention.

IL-10 has been described as an important regulatory cytokine mediating antigen-specific
regulatory CD4+ T cells (11), and IL-10 deficiency increases susceptibility to CIA (38).
IL-10 production was stimulated in mice treated with Salmonella-CFA/I on either day 14 or
day 21 when compared to mice treated with PBS or Salmonella vector. Notably, CII-specific
CD4+ T cells from mice vaccinated on day 21 showed >10-fold increase in IL-10 production
than cells from day 14-vaccinated mice. Although these findings inversely correlated with
clinical disease and IL-17 production, these results implicated the importance of IL-4 and/or
possibly other regulatory cytokines for protection again CIA.

TGF-β was not detected in PBS-treated CIA mice after following the disease course, but
treatments with Salmonella vector or Salmonella-CFA/I induced its secretion by CD4+ T
cells. Protection from CIA in day 14 Salmonella-CFA/I-treated mice correlated with 2-fold
increased production of TGF-β compared with Salmonella vector-treated mice. At the same
time, the diminished anti-inflammatory effect of Salmonella-CFA/I in day 21 treatment
group coincided with significant decrease in TGF-β production.

In an attempt to discern the responsible regulatory T cell subset induced by Salmonella-
CFA/I, CD25− and CD25+CD4+ T cells were found to be suboptimally protective against
CIA (10). Protection against CIA was found not to be CD25-dependant, as in this study and
in our previous studies (10, 17); rather, protection was CD39-dependant. A kinetic analysis
of CD39+CD4+ T cell frequency induced upon immunization with Salmonella-CFA/I
revealed 2-fold increases in the percentages of CD39+CD4+ T cells in MLNs and HNLNs
beginning as early as day 7 post-vaccination. Only a modest elevation in the number of
CD39+CD4+ T cells by Salmonella-CFA/I-immunized mice was found, correlating with a 5-
fold increase in apyrase activity measured by CD4+ T cells.

Extracellular ATP-AMP-adenosine balance is an important regulatory mechanism in control
of autoimmunity (17, 39). Regulatory CD4+ T cells expressing CD39 have been shown to
protect against CIA (17). The relevance of regulatory CD39+CD4+ T cells has been shown
for other human autoimmune diseases, including multiple sclerosis. These patients have
been shown to have a deficiency of these regulatory T cells (39), and their CD39−
CD25+CD4+ T cells failed to suppress IL-17 production by responder T cells in vitro.

Rheumatoid arthritis results in tissue damage, which can result in the release of extracelluar
ATP (40,41). Extracellular ATP is implicated in secretion of proinflammatory cytokine,
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IFN-γ (42), whereas, in contrast, adenosine facilitates Treg cell-mediated suppression by
cAMP (43, 44). In this study, the enhanced ATP-hydrolysis by Salmonella-CFA/I-
stimulated CD4+ T cells support the hypothesis that induced regulatory CD39+CD4+ T cells,
particularly, in the conversion of ATP by CD39 ecto-ATPase, play an important role in
protection against CIA in mice. These studies suggested Salmonella-CFA/I stimulates
CD39+CD4+ T cells with enhanced apyrase activity to hydrolyze extracellular ATP,
preventing further tissue damage and proinflammatory cytokine stimulation.

To understand how these CD39+CD4+ T cells are induced, studies were conducted to
ascertain the CD4+ T cell subsets stimulated by Salmonella-CFA/I. The induced
CD39+CD4+ T cells were found to be functionally and phenotypically heterogenous,
including their expression of FoxP3 and CD25, suggesting a cooperative interaction
amongst these subsets. Notably, the CD39+CD4+ T cells, not CD39−CD4+ T cells, from
Salmonella-CFA/I-immunized mice completely suppressed development of CIA, unlike the
same cells generated after immunization with Salmonella vector that were unable to confer
protection against autoimmunity. While the CD4+ T cells used for adoptive transfer were
phenotypically similar, their activation status for CD39 apyrase activity was considerably
different. The activity from Salmonella vector-dosed mice resembled untreated (PBS-dosed)
mice, whereas the apyrase activity from Salmonella-CFA/I-dosed mice was considerably
greater evidenced by the 5-fold increase.

To assess the relative contributions by FoxP-GFP− and FoxP3-GFP+ CD4+ T cells for
protection, an adoptive transfer study was performed. Salmonella-CFA/I immunization
increased the frequency of FoxP3+CD39+CD4+ and FoxP3−CD39+CD4+ T cells compared
to immunization with Salmonella vector. Salmonella-CFA/I-induced FoxP3+CD4+ and
FoxP3−CD4+ T cells or FoxP3-GFP−CD39+CD4+ and FoxP3-GFP+CD39+CD4+ were
found to confer equal protection against CIA. Questioning how the FoxP3−CD4+ T cells
provided protection, subsequent flow cytometry analysis of FoxP3−CD4+ T cell recipients
revealed an adoptively transferred subset of FoxP3-GFP− cells converted in vivo to FoxP3-
GFP+during resolution of CIA. Moreover, in these recipient mice, native FoxP3+ CD4+ T
cells were also induced (Fig. 4D), suggesting the adoptively transferred FoxP3−CD4+ T
cells may have stimulated recipient regulatory T cells. Nonetheless, the adoptively
transferred donor regulatory CD4+ T cells were CD39+. Thus, the adoptively transferred
Salmonella-CFA/I-induced FoxP3−CD39+CD4+ T cells during the disease course converted
into FoxP3+ CD39+CD4+ T cells, suggesting the dynamic development of regulatory T
cells.

The protective CD39+CD4+ T cells were found to be a heterogenous subset composed of
segregated cytokine-producing cells. Cell analysis revealed Salmonella-CFA/I stimulated
IL-10-producing FoxP3+CD39+CD4+ T cells and TGF-β-producing FoxP3−CD39+CD4+ T
cells. Analysis of CD39−CD4+ T cells revealed little to no TGF-β or IL-10 production by
these T cells further demonstrating the significance of CD39+CD4+ T cells for conferring
protection against CIA. For optimal protection against CIA, both the Foxp3− and FoxP3+

CD39+CD4+ T cells were required since adoptive transfer with either subset could confer
protection, but only suboptimally, resulting in disease incidence. This evidence suggested
these two subsets work cooperatively and are interdependent. As with IL-10, TGF-β is an
important immunosuppressive cytokine associated with several regulatory T cell subsets:
Th3 (13), natural CD4+CD25+ T cells (13), and Foxp3−CD25lowCD4+ regulatory cells (45).
TGF-β is protective against a number of autoimmune diseases (13, 46), and it is also
certainly important for arthritis (46, 47), since genetically impaired TGF-β signaling
markedly enhances disease severity (28), while treatments with recombinant TGF-β
suppress arthritis (27). This protective effect by TGF-β is abated when mice already induced
with CIA, are adoptively transferred with Salmonella-CFA/I-generated CD4+ T cells, and
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recipients are neutralized of their TGF-β (10). Thus, TGF-β has an integral role in mediating
the protective effect by Salmonella-CFA/I.

While clearly TGF-β can act directly to suppress autoimmunity (13, 27, 44, 48), it may also
have an indirect impact upon regulatory T cell development. Inquiring how Salmonella-
CFA/I could stimulate CD39 expression, activation of CREB has been reported to mediate
CD39 expression (30). In a separate study, TGF-β has been shown to potently induce CREB
phosphorylation by vascular smooth muscle cells (31). To assess CREB’s possible role
following Salmonella-CFA/I immunization, a significant increase in activated CREB
(pS133) was detected relative to mice dosed with Salmonella vector. Moreover, this
enhanced CREB (pS133) expression was eliminated in mice neutralized of their TGF-β,
implicating CREB transcriptional control of regulatory CD39+CD4+ T cells in Salmonella-
CFA/I-immunized mice is TGF-β-dependent. Neutralization of TGF-β also inhibited CD39
expression by CD4+ T cells from Salmonella-CFA/I-immunized mice, further supporting the
critical role of this regulatory cytokine in the development of regulatory CD39+CD4+ T
cells. What is unclear, thus far, is whether the source of TGF-β-producing cells is a
regulatory T cell subset. Analysis of Salmonella-CFA/I-immunized FoxP3-GFP transgenic
mice revealed that the source of TGF-β is from the FoxP3− CD39+CD4+ T cells, and of
these, most were of the CD25− subset. It is unclear whether these FoxP3− T cells were
previously FoxP3+; possibly, this FoxP3− CD39+CD4+ T cell subset could have been a
regulatory T cell or be a Th2 cell subset, since both are capable of producing TGF-β.
Alternatively, this cell subset may be a memory cell, as suggested by studies with naive
mouse CD4+ T cells (49) or in humans (41, 50); however, these memory cells tend to be
proinflammatory and do not produce TGF-β (41, 49, 50). When anti-CD3 plus anti-CD28
are co-stimulated in the presence of TGF-β, the murine FoxP3− CD39+CD4+ T cells inhibit
the conversion of FoxP3+ CD39+CD4+ T cells (49), which seems to differ from our results
implicating a helper function by FoxP3− CD39+CD4+ T cells as providing TGF-β to
enhance the numbers and activity of FoxP3+ CD39+CD4+ T cells to suppress autoimmunity.
In fact, TGF-β neutralization resulted in the loss of the induced regulatory CD39+ T cells,
supporting the notion that these FoxP3− T cells stimulate CD39 cell expression in a CREB-
dependent fashion.

In conclusion, this work demonstrated the observed live Salmonella-CFA/I vaccine can
protect against CIA following immunization during the induction phase of disease.
Vaccination on day 14 post-CII-challenge inhibited development of collagen II-specific
pathogenic Th1 and Th17 cells with concomitant stimulation of regulatory and Th2 cells. As
such, Salmonella-CFA/I induced the development of IL-10 producing regulatory FoxP3+

CD39+CD4+ T cells, as well as an adjunct TGF-β+ FoxP3− CD39+CD4+ T cell subset. The
protective potential of the vaccine-induced regulatory CD39+CD4+ T cells was supported by
the enhanced apyrase activity evident by increased extracellular ATP hydrolysis by CD4+ T
cells from Salmonella-CFA/I-immunized mice. Similar T cells isolated from Salmonella
vector-immunized mice lacked this enhanced apyrase activity, and thus these cells were
ineffective against disease resolution when adoptively transferred into CIA mice. In contrast,
adoptive transfer of Salmonella-CFA/I-induced regulatory CD39+CD4+ T cells conferred
protection against CIA. These results showed that the TGF-β-producing FoxP3− CD25−
CD39+CD4+ T cells support the stimulation of the Salmonella-CFA/I-induced regulatory
CD39+ CD4+ T cells since TGF-β neutralization results in reduced CREB activation and
compromises the stimulation of these regulatory T cells.
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Abbreviations used in this paper

CFA/I colonization factor antigen I

CIA collagen-induced arthritis

CII collagen II

CM complete medium

CREB cAMP-response element-binding protein

FoxP3 forkhead box P3

HNLNs head and neck lymph nodes

LNs lymph nodes

MLNs mesenteric LNs

PPs Peyer’s patches

Treg regulatory T cells
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FIGURE 1.
Oral immunization with Salmonella-CFA/I after CII challenge reverses development of
CIA. CIA was induced in C57BL/6 mice (10 per group) on day 0 with s.c. injection of 100
μg chick CII emulsified in complete Freund’s adjuvant. A, On day 14, or B, day 21, post-CII
challenge, mice were orally dosed with 5×109 CFUs of Salmonella-CFA/I (H696) or
Salmonella vector (H647). Control mice received sterile PBS. Average clinical score per
group reflects severity of the disease; incidence of arthritis is percent of mice within a group
with clinical symptoms. *p < 0.005 as compared with PBS or H647 group; +p<0.05 as
compared with H647 group. One of 3 experiments with similar results is depicted. C, H&E -
(top panels) and toluidine blue-stained (bottom panels) knee sections upon termination of
study. D, Histology score (0–3 per section) and cartilage loss (0–3 per section) were graded
for each limb and knee sections. Total maximum scores of 18 possible per mouse. *p < 0.05
as compared with PBS and H647 groups.
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FIGURE 2.
Collagen II-specific CD4+ T cell responses. Mice were immunized with CII, then treated
with Salmonella-CFA/I (H696), Salmonella vector (H647), or PBS as described A, on day
14, or B, on day 21, post-CII challenge. Upon termination of the studies, CD4+ T cells were
purified with magnetic beads (>95% purity) from axillary, popliteal, inguinal, and iliac
lymph nodes (LNs). 106 cells/ml were restimulated with CII and syngenic irradiated APCs
for 4 days. Mean cytokine concentrations from triplicate cultures ± SEM are shown. *p <
0.001; **p < 0.05 as compared with PBS and H647 groups; #p < 0.01 as compared with
H647 group; +p < 0.001 as compared with PBS group.
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FIGURE 3.
Salmonella-CFA/I stimulates CD39+CD4+ T cells protective against CIA. FoxP3-GFP Tg
mice were immunized with Salmonella-CFA/I (H696) or Salmonella vector (H647), and on
day 14 post-immunization, flow cytometry analysis was performed on stained lymphocytes
of individual mice (5 mice per group). A, Representative FACS plots of CD39 expression by
MLN CD4+ T cells out of total lymphocytes gated. B, Extracellular ATP hydrolysis by
CD4+ T cells on day 14 post-immunization of mice with Salmonella-CFA/I, Salmonella
vector, or PBS. ATP consumption was evaluated as an increase in PO4

3− concentrations
relative to control reaction lacking exogenous ATP (base line hydrolysis). ATPase activity is
calculated as fmoles of phosphate/sec per cell. Numbers above the curves represent ATPase
activity. One of 4 experiments is depicted; p = 0.026. C, CD39 expression kinetics by CD4+

T cells in spleen, PPs, MLNs, and HNLNs of individual C57BL/6 mice (3/time point) after
immunization with Salmonella-CFA/I or Salmonella vector. *p < 0.005; **p < 0.05. D,
Adoptive transfer of Salmonella-CFA/I-induced CD39+, not CD39− CD4+, T cells protects
against CIA. On day 0, arthritis was induced in recipient mice, and donor mice were
immunized with Salmonella-CFA/I or Salmonella vector. On day 14 post-immunization,
CD39+CD4+ and CD39− CD4+ T cells were sorted from immunized C57BL/6 donors and
adoptively transferred to CIA recipients (5 mice per group). *p<0.05 versus PBS-treated
group; +p < 0.05 versus recipients of Salmonella vector-induced cells.

Kochetkova et al. Page 19

J Immunol. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 4.
Salmonella-CFA/I-induced CD39+CD4+ phenotype represents a heterogenous T cell subset.
A, Representative FACS plots of gated CD4+ T cells from MLNs of Salmonella-CFA/I or
Salmonella vector-immunized mice and percentages of FoxP3 expressing CD39+CD4+ T
cells. FoxP3-GFP transgenic mice were immunized, and flow cytometry analysis of
individual mice lymphocytes (5 mice/group) was performed as described in Figure 3; *p <
0.001; **p = 0.01 between groups. B, FoxP3+CD4+ and FoxP3− CD4+ T cells were sorted
from FoxP3-GFP donors on day 14 post-immunization with Salmonella-CFA/I or
Salmonella vector, then adoptively transferred to recipients with induced CIA 2 wks earlier
(5 mice/group). Disease course was followed; *p < 0.05 versus PBS-treated group; +p < 0.01
versus Salmonella vector-induced CD4+ T cell recipients. C, Representative plot of gated
splenic CD4+ T cells (left panel) and frequencies of FoxP3-GFP+CD4+ T cells in individual
recipients of Salmonella-CFA/I-induced FoxP3− CD4+ (RFoxP3−) and FoxP3+CD4+

(RFoxP3+) T cells (right panel). Mean frequencies of spleen and combined axillary, popliteal,
inguinal, and iliac LN FoxP3-GFP+CD4+ T cells ± SEM in recipients given Salmonella
vector- or Salmonella-CFA/I -generated FoxP3− CD4+ or FoxP3+CD4+ T cells are shown;
*p < 0.005 and **p < 0.05 versus Salmonella vector-derived cells. D, The converted FoxP3-
GFP+CD4+ T cells express CD39. Examination of gated splenic CD4+ T cells from
recipients given Salmonella-CFA/I-induced FoxP3-GFP− CD4+ T cells reveal positive
recognition by PE-FoxP3 mAb and are mostly CD39+. In addition, a separate FoxP3+ CD4+

T cell subset, that is GFP-negative, is detected with the PE-FoxP3 mAb. E, Adoptive
transfer of cell-sorted Salmonella-CFA/I-induced FoxP3− CD39+CD4+ and
FoxP3+CD39+CD4+ T cells from Foxp3-GFP donors to CIA recipients (5–8 mice per group)
on day 14 post-induction of the disease; +p < 0.05, *p < 0.005, #p < 0.001 versus PBS
control group.
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FIGURE 5.
Salmonella-CFA/I-induced FoxP3− CD39+CD4+ T cells produce TGF-β. A and B, On day
14 after immunization of Foxp3-GFP mice (5/group) with Salmonella-CFA/I, lymphocytes
were stained and analyzed for surface TGF-β expression. A representative plot using MLN
CD4+ gated lymphocytes is depicted. C, CD39− CD4+ T cells do not make TGF-β. On day
14 post-immunization with Salmonella-CFA/I, MLN CD39+ and CD39− CD4 +T cells were
evaluated for TGF-β expression. Plots are representative of five mice. D, Comparative
kinetic analysis of TGF-β expression by CD39+CD4+ and CD25+CD4+ T cells of individual
mice (3 mice/group/time point) after immunization with Salmonella-CFA/I (H696) or
Salmonella vector (H647) is shown; *p < 0.001; **p < 0.01; ***p < 0.05 between groups.
Dashed line indicates the average number of TGF-β+ cells in naive mice.
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FIGURE 6.
FoxP3+CD39+CD4+ T cells express IL-10. A, Representative histogram of IL-10 expression
by Salmonella-CFA/I-induced FoxP3+CD39+, FoxP3− CD39+, and CD39−CD4+ T cells;
gray histographs depict isotype control Ab. B, IL-10-specific MFI corresponding to FoxP3−
and FoxP3+ subsets of CD39+CD4+ T cells in spleens and combined MLNs and LNs are
depicted; *p < 0.001; **p < 0.05.
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FIGURE 7.
Neutralization of TGF-β reverses Salmonella-CFA/I-enhanced phosphorylation of cAMP-
response element-binding protein (CREB) and inhibits CD39 expression. Mice (3–4/group)
were immunized with Salmonella-CFA/I (H696) or Salmonella vector (H647), as described.
Beginning day 0, mice received 4 i.p. doses of 250 μg of TGF-β-specific mAb (1 mg total)
every other day or sterile PBS. Immunofluorescent staining of spleen and combined MLN
and HNLN cells was performed on day 14 post-immunization. Representative FACS
histograms for activated CREB-specific fluorescence in A, spleens and B, LNs. C,
Phosphorylated CREB-specific mean fluorescence intensity (MFI) from individual samples
is shown; *p < 0.005, **p<0.05 as compared with PBS-treated Salmonella-CFA/I-
immunized mice; +p<0.005, #p<0.05 as compared with corresponding Salmonella vector-
immunized mice. D, Percentages of CD39 expressing CD4+ T cells in LNs. Mean
frequencies of CD39 expressing CD4+ T cells ± SEM are shown; *p < 0.005 as. compared
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with PBS-treated Salmonella-CFA/I-immunized mice; +p<0.005 as compared with
corresponding Salmonella vector-immunized mice. One of 4 experiments is represented.
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