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Abstract

Introduction: CD25+ FOXP3+ CD4+ regulatory T cells (Tregs) are induced by transforming growth factor b (TGFb)
and further expanded by retinoic acid (RA). We have previously shown that this process was defective in T cells
from lupus-prone mice expressing the novel isoform of the Pbx1 gene, Pbx1-d. This study tested the hypothesis
that CD4+ T cells from systemic lupus erythematosus (SLE) patients exhibited similar defects in Treg induction in
response to TGFb and RA, and that PBX1-d expression is associated with this defect.

Methods: Peripheral blood mononuclear cells (PBMCs) were collected from 142 SLE patients and 83 healthy
controls (HCs). The frequency of total, memory and naïve CD4+ T cells was measured by flow cytometry on fresh
cells. PBX1 isoform expression in purified CD4+ T cells was determined by reverse transcription polymerase chain
reaction (RT-PCR). PBMCs were stimulated for three days with anti-CD3 and anti-CD28 in the presence or absence
of TGFb and RA. The expression of CD25 and FOXP3 on CD4+ T cells was then determined by flow cytometry. In
vitro suppression assays were performed with sorted CD25+ and CD25- FOXP3+ T cells. CD4+ T cell subsets or their
expansion were compared between patients and HCs with two-tailed Mann-Whitney tests and correlations
between the frequencies of two subsets were tested with Spearman tests.

Results: The percentage of CD25- FOXP3+ CD4+ (CD25- Tregs) T cells was greater in SLE patients than in HCs, but
these cells, contrary to their matched CD25+ counterparts, did not show a suppressive activity. RA-expansion of
TGFb-induced CD25+ Tregs was significantly lower in SLE patients than in HCs, although SLE Tregs expanded
significantly more than HCs in response to either RA or TGFb alone. Defective responses were also observed for
the SLE CD25- Tregs and CD25+ FOXP3- activated CD4+ T cells as compared to controls. PBX1-d expression did not
affect Treg induction, but it significantly reduced the expansion of CD25- Tregs and prevented the reduction of the
activated CD25+ FOXP3- CD4+ T cell subset by the combination of TGFb and RA.

Conclusions: We demonstrated that the induction of Tregs by TGFb and RA was defective in SLE patients and that
PBX1-d expression in CD4+ T cells is associated with an impaired regulation of FOXP3 and CD25 by TGFb and RA
on these cells. These results suggest an impaired integration of the TGFb and RA signals in SLE T cells and
implicate the PBX1 gene in this process.

Introduction
Systemic lupus erythematosus (SLE) is an autoimmune
disease characterized by the production of pathogenic
autoantibodies. Multiple studies have shown that these
autoantibodies are T cell-dependent with autoreactive
CD4+ T cells providing co-stimulatory signals and cyto-
kines such as IL-4 and IL-21 to the autoreactive B cells

[1,2]. The CD4+ T cells of SLE patients present many
functional defects, which include a reduced number of
circulating cells that is associated with disease activity
[3-5], impaired signaling [6] and increased spontaneous
activation coupled with a hypo-responsiveness upon
reactivation [7,8].
The status of CD4+ CD25+ FOXP3+ regulatory T cells

(Tregs) in lupus has been examined by numerous stu-
dies. In the (NZB × NZW)F1 mouse model, Treg adop-
tive transfers delay and attenuate the course of disease
[9]. In SLE patients, findings have been mixed [10-12].
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Most studies have reported either decreased numbers of
circulating Tregs that were inversely correlated with dis-
ease activity, or an abnormal suppressive activity. Other
studies have, however, reported similar numbers or
function of Tregs in SLE patients and healthy controls
(HCs). A consensus has arisen that these discrepancies
are most likely due to the lack of a rigorous definition
of the markers used for Treg identification as well as to
technical differences in Treg isolation. The CD4+ CD25-

FOXP3+ cell population (CD25- Tregs) has been
recently found to be expanded in SLE patients [13,14],
but its origin and function are unclear [15]. One group
working with newly diagnosed patients has suggested
that CD25- Tregs correspond to activated T cells with-
out suppressive activity [13]. The other group working
with treated patients has shown that the CD25- Tregs
retain a suppressive function, albeit incomplete, and
have concluded that these cells represent an attempt to
control active autoimmune activation [14].
The size of the Treg compartment results from the

combined contribution of thymic-derived natural Tregs
(nTregs) and peripherally induced Tregs (iTregs). Most
of the studies in SLE patients have focused on circulat-
ing Tregs in which the relative contribution of nTregs
and iTregs is unknown. Murine studies have shown that
the TGFb-dependent induction of iTregs is expanded by
all-trans retinoic acid (RA) [16,17]. RA also expands the
number of de novo TGFb-induced human iTregs and
enhances their suppressive activity [18]. Recent studies
have now reported that RA also expands the number
and enhances the function of murine [19] and human
[20] nTregs. Therefore, RA stands out as a major regu-
lator of the size and function of the Treg compartment.
We have reported that the murine Sle1a.1 lupus sus-

ceptibility locus results in the production of activated
and autoreactive CD4+ T cells, and in a reduction of the
Treg pool [21,22]. In addition, Sle1a.1 CD4+ T cells pre-
sent a defective expansion of TGFb-induced iTregs in
response to RA (Cuda et al., in revision). At the molecu-
lar level, Sle1a.1 corresponds to an increased expression
of a novel splice isoform of the pre-B cell leukemia
homeobox 1 Pbx1 gene, Pbx1-d. PBX1 amino acid
sequence and exon structure are entirely conserved
between mouse and humans. We found that PBX1-d
was expressed more frequently in the CD4+ T cells from
lupus patients than from HCs, and its presence in CD4+

T cells correlated with an increased central memory
population. The current study was designed to investi-
gate whether in vitro induction of iTreg by TGFb and
RA was impaired in SLE patients as compared to HCs,
and to determine whether PBX1-d expression played a
role in the size of the Treg pool relative to TGFb and
RA exposure. We found that SLE patients with active
renal disease have less Tregs than patients with inactive

disease or HCs. We also confirmed that SLE patients
carry more CD25- FOXP3+ CD4+ (CD25- Tregs) than
HCs, and found that while the CD25+ conventional
Tregs showed variable levels of suppression, the CD25-

Tregs were uniformly non-suppressive (and, therefore,
are not functionally speaking “Treg”). We found a defec-
tive regulation of CD25 and FOXP3 expression in
response to TGFb and RA in the CD4+ T cells from
SLE patients as compared to HCs, with SLE CD25+

Tregs being more expanded by TGFb and less by RA
than HC CD25+ Tregs. Interestingly, the combination of
TGFb and RA greatly expanded SLE activated CD25+

FOXP3- T cells as compared to HCs. PBX1-d expression
was associated with greater numbers of CD25- Tregs,
but it significantly reduced their expansion by the com-
bination of TGFb and RA. Moreover, PBX1-d expres-
sion was associated with an impaired ability of TGFb
and RA to reduce the activated CD25+ FOXP3- CD4+ T
cell subset. Overall, we have demonstrated that the
induction of Tregs by TGFb and RA was defective in
SLE patients and that PBX1-d expression in CD4+ T
cells impaired the regulation of FOXP3 and CD25 by
TGFb and RA on these cells. These results suggest an
impaired integration of the TGFb and RA signals in SLE
T cells and implicate the PBX1 gene in this process.

Materials and methods
Study participants
Peripheral blood samples were obtained after signed
informed consent in accordance with an IRB-reviewed
protocol at the University of Florida. The diagnosis of
SLE was established according to the 1982 revised Amer-
ican College of Rheumatology criteria. Disease activity
was evaluated by the Systemic Lupus Erythematosus Dis-
ease Activity Index (SLEDAI) [23], a classic and validated
measure [23]. At each visit, a urinalysis was obtained. For
any patients showing abnormalities with hematuria or
proteinuria, proteinuria was further quantitated by a spot
microalbumin to creatinine (MAU/Cr) ratio [24]. In
greater than 90% of the cases, renal involvement was
confirmed by biopsy, and renal disease activity was
defined as an MAU/Cr ratio greater than 500 mg/g. The
SLE patients were then divided into three groups: inac-
tive (SLEDAI <4), active non-renal (SLEDAI ≥4 and
MAU/Cr ≤500), and active renal (SLEDAI ≥4; MAU/Cr
>500). In the vast majority of the patients classified in the
last group, renal disease dominated, with only relatively
minor contributions from arthritis and skin manifesta-
tions, although organ non-specific blood work was also
frequently abnormal. Patients with active non-renal dis-
ease presented skin and/or joint manifestations, and were
overall less seriously ill than the patients with renal dis-
ease. The demographics of the patients and HCs are
summarized in Table 1.
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T cell culture and flow cytometry
CD4+ T cell subsets were analyzed by flow cytometry by
staining with antibodies to CD3-PerCP (SP34-2; BD
Biosciences, San Jose, CA, USA ), CD4-PC7
(SFCI12T4D11; Beckman Coulter, Brea, CA, USA),
CD45RA-Pacific Blue (HI100; eBioscience, San Diego,
CA, USA), CD45RO-F (UCHL1; BD Biosciences),
CD62L-APC-AF70 (DREG56; eBioscience), FOXP3-APC
(PCH101; eBioscience), or isotype controls. Anti-coagu-
lated whole blood was incubated with the combination
of antibodies at concentrations recommended by the
manufacturer, subsequently lysed (BD FACS™; BD Bios-
ciences) and fixed in 0.5% paraformaldehyde in PBS. In
addition, gradient-purified (Ficoll; Sigma-Aldrich, St-
Louis, MO, USA) PBMCs (5 × 105 cells/ml) were cul-
tured for three days on plates coated with a combina-
tion of anti-CD3 (1 ug/ml), anti-CD28 (10 ug/ml)
antibodies (BD Biosciences), and IL-2 (20 μg/m) in the
presence or absence of 5 nM RA (Sigma-Aldrich) and
TGFb1 (Peprotech, Rocky Hill, NJ, USA). Cells were
then stained with antibodies to CD3e (UCHT1;
eBioscience), CD4-PC7 and CD25-PE (M-A251, BD
Biosciences), followed by permeabilization (FOXP3

Fixation/Permeabilization Concentrate and Diluent;
eBioscience) and staining for FOXP3-APC. Before using
whole blood, the protocol was validated against isolated
CD4+ T cells, purified with RosetteSep (Stem Cell Tech-
nologies, Vancouver, BC, Canada) by negative selection,
as previously described (Cuda et al. in revision). In a
subset of samples, freshly harvested cells were also
stained for CD3, CD4, CD127-PE (eBioscience) and
CD25. The red blood cells (RBCs) were then lysed, the
cells permeabilized and stained for FOXP3.

T cell suppression assays
CD4+ CD127- T cells were enriched by negative selec-
tion from 6 ml of blood freshly collected in heparinized
tubes following the manufacturer’s instructions (Rosette-
Sep Human CD4+CD127low Regulatory T Cell Pre-
Enrichment Cocktail; StemCell Technologies). A small
aliquot was retained to verify purity (typically 70 to
80%), and the remaining cells were cultured for three
days as described above for expansion of Tregs, using
20 ug TGFb. After culture, the cells were harvested and
stained under sterile conditions with a cocktail of anti-
CD4-PE-Cy7, anti-CD25-Pacific Blue, and anti-CD127-
PE. The cells were then suspended in PBS supplemented
with 2% FBS and sorted with a FACSAria (BD Bios-
ciences) into two populations (CD4+ CD127-CD25+ and
CD4+ CD127- CD25-). An aliquot was retained for intra-
cellular staining for FOXP3, as described above. The
remaining purified CD25+ and CD25- Tregs were each
resuspended in 500 ul of PBS, as were an aliquot of fro-
zen PBMCs used as standardized responder cells, and
an aliquot of standardized umbilical cord-derived Tregs,
both prepared as previously described [25]. The respon-
der cells were incubated with carboxyfluorescein succi-
nimidyl ester (CFSE), while the Treg preparations were
incubated with CellTrace Violet, both following the
manufacturer’s instructions (Invitrogen, Carlsbad, CA,
USA). After quenching with FBS, 50,000 responder cells
were added per well to a 96-well round-bottomed tissue
culture plate pre-coated with anti-CD3 (2 μg/ml) and
anti-CD28 (1 μg/ml) as previously described [25]. Tregs
were added in triplicate at serial dilutions of 1:4 to 1:64.
Additional controls included wells without Tregs (posi-
tive control) and wells without anti-CD3 and -CD28 sti-
mulation (negative controls). Additional wells were
prepared to which only Tregs were added. The cells
were cultured for six days at 37°C, harvested, and
stained with a combination of anti-CD3-PerCP, -CD4-
PE-Cy7, and -CD8-APC. Cells were analyzed on a CyAn
9-color flow cytometer (Beckman Coulter). At least
2,500 events were collected in the lymphocyte gate and
analyzed for CD8+ T cell proliferation by FCS Express 4
RUO (DeNovo Software, Los Angeles, CA, USA). For
evaluation of proliferation of Tregs, cells were gated for

Table 1 Characteristics of human subjects used in this
study

Patients (142) Controls (83)

Median age (range) 35 (20 to 74) 32 (19 to 61)

number percentage number percentage

Females 129 91% 55 66%

Males 13 9% 28 34%

Caucasians 62 43% 49 60%

African Americans 57 40% 18 22%

Hispanics 20 14% 2 2%

Asians 1 1% 8 10%

Mixed 4 3% 4 5%

PBX1-a 30 33% 28 56%

PBX1-a/d 25 27% 14 28%

PBX1-d 37 40% 8 !6%

Medications

Steroids 62 42%

No steroid 85 58%

Mycophenolate mofetil 69 47%

Methotrexate 7 5%

Azathioprine 17 12%

Cyclophosphamide 2 1%

Abatacept 4 3%

No immunosuppressive 47 32%

Untreated 30 21%

Disease activity

Inactive 58 48%

Active non-renal 14 12%

Active renal 49 40%
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CD4 and excluded all CFSE+ events. Control responder
cells without Tregs showed that the CFSE- and Cell
Trace Violet populations did not merge. Proliferation
indices, calculated as the ratios of the total gated cells at
the end of culture over their initial number, and division
indices, corresponding to CFSE dilution, were derived
from the curve fitting data [26] and gave comparable
results.

PBX1 isoform analysis
Peripheral blood CD4+ T cells were isolated from whole
blood, as described above. The quality of isolation was
verified by flow cytometry and was typically 80 to 90%.
cDNA was synthesized from the purified CD4+ T cells,
and Pbx1 isoforms were detected with the following: 5’ -
GAA GTG CGG CAT CAC AGT CTC- 3’ in exon 5,
and 5’ - ACT GTA CAT CTG ACT GGC TGC - 3’ in
exon 8.

Statistical analysis
Statistical analyses were performed using GraphPad
Prism 4. Data were presented as means ± SEM or scat-
ter plots. Comparisons between two cohorts were per-
formed with two-tailed Mann-Whitney tests and Dunns’
multiple comparison tests when more than two groups
were involved. Correlations were established using
Spearman tests. Statistical significance obtained when P
≤ 0.05 is indicated in the figures.

Results
Differential distribution of the memory and naïve CD4+ T
cell subsets between SLE patients and HCs
The percentage of CD4+ T cells was significantly lower
in the PBMCs of SLE patients than in HCs (Figure 1a).
All patients, either untreated or treated with steroids, or
immunosuppressive drugs or both, presented a signifi-
cantly lower percentage of CD4+ T cells than HCs, indi-
cating that treatment was not the main cause for low
CD4+ T cell counts. However, treatment was associated
with a further decrease in the percentage of CD4+ T
cells (untreated patients: 11.51 ± 0.80%, patients treated
with both steroids and immunosuppressive drugs: 8.06 ±
1.00%, P < 0.009). We also observed a significantly lower
percentage of CD4+ T cells in patients with active renal
disease as compared to patients with inactive disease
(Figure 1b). This difference associated with disease
severity was not due to treatment as there was no differ-
ence between patients with inactive disease that were
untreated or treated with either steroids or immunosup-
pressive drugs (12.44 ± 1.12%, N = 16 vs. 10.81 ± 0.88%,
N = 50, respectively, P = 0.21). Finally, patients with
inactive disease had a significantly lower percentage of
CD4+ T cells than in HCs (11.79 ± 0.80%, N = 52 vs.
17.12 ± 0.71%, N = 83, respectively, P < 0.0001). These

results confirm earlier reports [3-5] that SLE patients
present with CD4+ T cell leucopenia correlated with dis-
ease activity and showed that it is accentuated by steroid
and immunosuppressive treatment, which is by itself
associated with disease activity.
We compared the percentage of circulating CD45RA+

CD45RO- naïve and CD45RA- CD45RO+ memory CD4+

T cells, and among the latter, the percentage of CD62L+

CD45RO+ central and CD62L- CD45RO+ effector mem-
ory T cells in the PBMCs of patients and HCs (Figure
1c). Patients presented significantly more memory T
cells and less naïve CD4+ T cells (identified as either
CD45RA+ CD45RO- or CD62L+ CD45RO-) than HCs
(Figure 2a, b). Among memory T cells, it was the central
but not the effector memory subset that was responsible
for this difference (Figure 2b). Immunosuppressive treat-
ment lowered the patients’ memory/naïve CD4+ T cell
(P = 0.03) and the central memory/naïve T cell (P =
0.06) ratios. However, there was no difference between
patients with active and inactive disease, or between
patients that were treated or non-treated with steroids
(data not shown).

Differential distribution of expanded CD4+ T cell subsets
expressing CD25 and FOXP3 in SLE patients and HCs
FOXP3 and CD25 expression was quantified on CD4+ T
cells after three days of stimulation with anti-CD3 and
anti-CD28 (Figure 1d). CD25+ FOXP3+ CD4+ Tregs
were present at similar levels in patients and HCs (Fig-
ure 2c). However, we found a significantly lower percen-
tage of Tregs in patients with active renal disease than
in patients with inactive disease, and patients with active
non-renal disease presented an intermediate level (Fig-
ure 2d). As for the numbers of total CD4+ T cells, we
believe that these results represent an association
between decreased Treg levels and disease severity,
rather than a tissue-specific association. Patients with
active renal disease presented also significantly less
Tregs than HCs (30.15 ± 1.75%, N = 58 vs. 35.46 ±
1.93% N = 78, respectively, P = 0.026). This indicated
that the similar level of Tregs between SLE patients and
HCs seen in Figure 2c was largely due to patients with
inactive disease.
We also found a higher percentage of CD25- Tregs in

patients than in HCs, and conversely a lower percentage
of CD25+ FOXP3- CD4+ T cells in patients than in HCs
(Figure 2c). The percentage of these two latter subsets
did not vary with disease activity, or steroid or immuno-
suppressive treatment (data not shown). Because the
amount of blood needed for all experiments was limit-
ing, we did not use purified CD25- CD4+ T cells as the
starting population. It is, therefore, possible that the
reduced percentage of Tregs after culture merely
resulted from a smaller starting population. However,
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Figure 1 CD3+ CD4+ T cell leucopenia in systemic lupus erythematosus (SLE) patients. (a) Percentage of CD4+ T cells in the peripheral
blood mononuclear cells (PBMCs) of patients and healthy controls (HCs). CD4+ T cell percentages was also compared between untreated
patients (none, N = 28) and patients treated with either steroids alone (ST, N = 15) or immunosuppressive drugs alone (IS, N = 53) or both (IS +
ST, N = 32). Each patient group was compared to HCs using Dunns’ multiple comparison tests. (b) Percentage of CD4+ T cells in the PBMCs of
SLE patients according to their disease activity (non-active, active non-renal and active renal). (c) Representative PBMC fluorescence activated cell
sorter (FACS) plots showing the CD45RO - CD45RA and CD45RO - CD62L stainings gated on CD3+ CD4+ lymphocytes. (d) Representative FACS
plots showing FOXP3 and CD25 staining gated on CD4+ lymphocytes of two PBMC samples three days after stimulation with anti-CD3 and anti-
CD28. (e) Freshly obtained blood was stained with a combination of antibodies to CD3, CD4, CD25, and CD127. Following red blood cell lysis,
the cells were permeabilized and stained for FOXP3 expression. The FACS plot shows a representative profile gated on CD3+ CD4+ lymphocytes,
with the regulatory T cells (Tregs) being identified as FOXP3+ CD127-. (f) Percentage of circulating Tregs identified as shown in (e) in HCs and
SLE patients partitioned by disease activity.
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we saw very few CD25+ CD4+ cells in freshly stained
blood, indicating that selection for CD25- T cells would
have had little effect on our studies. More importantly,
we also studied a subset of our freshly obtained samples
for FOXP3 and CD4 co-expression. Because absence of
CD127 has also been used as a marker of Tregs [27],

this was also added to the staining strategy. As seen in
Figure 1e, after gating on CD3+ CD4+ cells, the combi-
nation of FOXP3 and CD127 showed good separation of
phenotypes, with the Tregs being identified as FOXP3+

CD127-. A compilation of results showed that the start-
ing population of Tregs was not decreased in our

Figure 2 Differential CD3+ CD4+ T cell subset distribution between healthy controls and systemic lupus erythematosus patients
Distribution of CD45RA- CD45RO+ (RA- RO+) memory T cells and CD45RA+ CD45RO- (RA+ RO-) naïve T cells (a), or CD45RO- (RO-) CD62L+ naïve T
cells, CD45RO+ (RO+) CD62L+ central memory T cells and CD45RO+ (RO+) CD62L- effector memory T cells in the peripheral blood mononuclear
cells (PBMCs) of SLE patients and HCs (b). (c) CD4+ T cells activated for three days with anti-CD3 and anti-CD28 were compared between
patients and HCs according to their CD25 and FOXP3 expression. (d) Percentage of expanded CD25+ regulatory T cells (Tregs) in SLE patients
according to their disease activity. (e) The percentage of CD25- Tregs was positively correlated with the percentage of memory CD45RO+

CD45RA- CD4+ T cells in HCs but not in patients. (f) The percentage of CD25+ Tregs was negatively correlated (one-tail P-value) with the
percentage of memory CD45RO+ CD45RA- CD4+ T cells in HCs but not in patients. The graphs in (e-f) show the linear regression lines for HCs
(dashed) and SLE patients (plain), the P-values for the Spearman correlation tests and the R2 values calculated separately for the patient and HC
cohorts. Ns, non-significant.
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patient population compared to controls (Figure 1f). In
fact, the active patients showed the highest starting
levels, making it unlikely that our results with expanded
T cells are due to a lower percentage of circulating
Tregs.
We investigated whether there was a correlation

between the level of CD45RA- CD45RO+ memory CD4+

T cells and the size of the Treg subsets. The percentage
of CD25- Tregs was positively correlated with the per-
centage of memory T cells in HCs but not in patients
(Figure 2e). There was a trend negatively correlating the
percentage of CD25+ Tregs cells with the percentage of
memory T cells in HCs but not in patients (Figure 2f).
Overall, these results show in HCs the expected positive
correlation between CD25-Tregs and memory T cells
and negative correlation between CD25+ Tregs and
memory T cells. The fact that these correlations were
not observed for FOXP3+ T cells in SLE patients sug-
gests a defective homeostatic regulation of FOXP3
expression in SLE patients.

SLE CD25- Tregs do not suppress T cell proliferation
The function of the CD25- FOXP3+ CD4+ T cells that is
expanded in SLE patients is controversial [13,14]. We,
therefore, assessed the suppressive capacity of these cells
comparatively to their CD25+ FOXP3+ CD4+ counter-
parts in our SLE cohort. As a positive control, we used
standardized Treg isolated from cord blood, which were,
as expected, largely CD127- FOXP3+ CD25+ cells (Fig-
ure 3a). CD4+ CD127- cells isolated from patients’
PBMCs were expanded by stimulation with anti-CD3
and CD28, TGFb and RA, then sorted into CD25+ and
CD25- populations. As shown in Figure 3b, this protocol
led to a good separation of CD127- FOXP3+ CD25+ and
CD127- FOXP3+ CD25- populations. These cells were
then used in standard T cell suppression assays. As
expected, the cord blood standardized Tregs showed a
robust suppression (Figure 4a). CD25+ Tregs from lupus
patients also showed strong suppression (Figure 4b, c,
e), although to a lesser extent in some patients (data not
shown), which is consistent with reports of altered Treg
function in some SLE patients [28]. To the contrary,
none of the CD25- Tregs isolated from six different
patients showed any suppressive activity (Figure 4d, f).
In one patient, the CD25- Tregs actually stimulated the
CD8+ allogeneic T cells (Figure 4f). Furthermore, con-
trary to the CD25+ Tregs, the CD25- Tregs proliferated
poorly in the stimulated co-cultures with PBMCs (Fig-
ure 3c). While the data depicted reflect proliferation of
the CD8+ PBMCs, comparable results were obtained for
CD4+ PBMCs, although proliferation was less robust
(data not shown). These results show that the CD25-

Tregs isolated from our cohort of SLE patients have lost
their suppressive function.

Differential response of CD4+ T cells to TGFb and retinoic
acid in SLE patients and HCs
We systematically compared the effect of TGFb and RA
on CD25 and FOXP3 expression by CD4+ T cells from
SLE patients and HCs stimulated with anti-CD3 and
anti-CD28 (Figure 5a). As shown in Figure 5b, RA
expanded CD25- Tregs to a similar level between HCs
and patients. The effect of RA on CD25+ Treg expan-
sion depended on the presence of TGFb: In the absence
of TGFb, CD25+ Tregs were expanded by RA signifi-
cantly more in patients than in HCs. In the presence of
either 1 or 20 ug/ml of TGFb, the opposite result was
observed, that is, RA expanded Tregs less in patients
than in HCs. CD25+ FOXP3- CD4+ T cells were
expanded by RA alone to a similar level in HCs and
patients. In the presence of 1 ug/ml of TGFb, the per-
centage of CD25+ FOXP3- CD4+ T cells was decreased
by RA to a similar extent between HCs and patients.
When the concentration of TGFb reached 20 ug/ml, RA
still decreased the percentage of CD25+ FOXP3- CD4+

T cells in HCs but increased it in SLE patients, leading
to a significant difference between the two cohorts.
In the absence of RA, TGFb alone expanded the CD4+

T cell subsets differently between HCs and SLE patients
(Figure 5c). CD25- Tregs were expanded significantly
less in SLE patients than in HCs by 20 ug/ml TGFb. To
the contrary, TGFb expanded CD25+ Tregs more in
patients than in HCs, and the difference was highly sig-
nificant with 1 ug/ml TGFb (P < 0.01). TGFb also
expanded CD25+ FOXP3- CD4+ T cells significantly
more in patients than in HCs at both concentrations.
Interestingly, 20 ug/ml of TGFb expanded CD25+

FOXP3- CD4+ T cells in patients while it shrunk this
subset in HCs, as previously noted for RA in the pre-
sence of the same amount of TGFb (Figure 5b). Overall,
these results revealed a differential response of the CD4
+ T cell subsets to TGFb and RA between SLE patients
and HCs.

Memory CD4+ T cells are associated with a lower Treg
induction in SLE patients
Memory CD4+ T cells interfere with the TGFb and RA-
mediated conversion of naïve T cells into Tregs in both
mice [29] and humans [18]. We investigated whether
this occurred in our experimental conditions and
whether differences existed between SLE patients and
HCs. We evaluated correlations between the expansion
of the CD25 FOXP3 subsets with the percentage of
either total CD45RO+ CD45RA- memory CD4+ T cells,
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Figure 3 Representative fluorescence activated cell sorter (FACS) plots showing the regulatory T cell (Treg) populations used in the
suppression assays (a) Standardized cord blood Treg used as positive controls, the great majority of which being CD127- CD25+ FOXP3+. (b)
Treg isolated from a systemic lupus erythematosus (SLE) patient as CD4+ CD127-, then sorted as CD25+ or CD25- after stimulation and
expansion with transforming growth factor beta (TGFb) and retinoic acid (RA). The CD25+-sorted population was approximately 80% FoxP3+

CD25+, while the CD25--sorted population was more than 80% FoxP3+ CD25-. (c) Proliferation of CD25+ and CD25- Treg isolated from a same
patient in the presence of standardized peripheral blood mononuclear cells (PBMCs) at the same dilution (1:4), in the presence of anti-CD3 and
anti-CD28 for six days, showing a robust response of the CD25+ as opposed to the CD25- Tregs.
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Figure 4 CD25+ but not CD25- regulatory T cells (Tregs) expanded from systemic lupus erythematosus (SLE) patients suppressed T
cell proliferation. Standardized aliquots of peripheral blood mononuclear cells (PBMCs) were cultured for six days in the presence of
standardized Tregs (a), CD25+ (c, e) or CD25- (d, f) Tregs expanded in vitro from the PBMCs of SLE patients in the presence of transforming
growth factor beta (TGFb) and retinoic acid (RA). (c-d) and (e-f) CD25+ and CD25- Tregs were obtained from a same patient. Representative
profiles of the CD8+ PBMC proliferation in the presence of CD25+ Tregs at the indicated dilutions are depicted (b). A varying amount of
suppression was mediated by the CD25+ population, while the CD25- population showed either no effect (top) or appeared to promote
proliferation (bottom). These data are representative of six patients prepared in three independent experiments.
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Figure 5 Differential induction of CD25 and FOXP3 expression by retinoic acid (RA) and (transforming growth factor beta (TGFb) in
healthy controls (HCs) and systemic lupus erythematosus (SLE) patients. (a) Representative fluorescence activated cell sorter (FACS) plots
showing FOXP3 and CD25 staining in CD4+ gated peripheral blood mononuclear cells (PBMCs) after three days stimulation with anti-CD3 and
anti-CD28 with or without RA and in the presence of 0, 1, or 20 ug/ml of TGFb. In the (b-d) panels, CD25- regulatory T cells (Tregs) are shown
on the left, Tregs in the middle, and CD25+ FOXP3- CD4+ T cells on the right. (b) RA-induced expansion in the presence of 0, 1, or 20 ug/ml of
TGFb. The graphs show the ((RA - no RA)/no RA) values for each TGFb concentration. (c) TGFb-induced expansion in the absence of RA. The
graphs show the ((TGFb - no TGFb)/no TGFb) values for each concentration of TGFb. HCs are represented by white symbols and SLE patients by
black symbols.
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CD45RO+ CD62L+ central memory or CD45RO+

CD62L- effector memory T cells. Similar results were
obtained for total memory (Figure 6) and central mem-
ory CD4+ T cells (data not shown), but the significance
was always higher for the total memory CD4+ T cells.
We also investigated these correlations in the six combi-
nations of RA and TGFb used in this study (Figure 5a),
and we show only the most representative combinations
that showed significant results.
The expansion of Tregs by RA in the presence of 1

ug/ml of TGFb (Figure 6a) or by the combination of RA
and 1 ug/ml of TGFb (Figure 6b) was negatively corre-
lated with the percentage of memory CD4+ T cells in
the PBMCs of SLE patients. There was a trend in the
same direction for HCs, and the negative correlations
were highly significant for the combined cohorts (data
not shown). No correlation was observed between the
expansion of CD25- Tregs by the combination of RA
and 20 ug/ml of TGFb and the percentage of memory
CD4+ T cells in the PBMCs of either SLE patients or
HCs (data not shown).. Finally, the expansion of CD25+

FOXP3- CD4+ T cells by any combination of RA and
TGFb was not correlated with the percentage of mem-
ory CD4+ T cells in either SLE patients or HCs (data
not shown). Overall, these results suggest that the pre-
sence of memory T cells interferes with the expansion

of Tregs by RA and TGFb more in SLE patients than in
HCs, possibility because of the higher frequency of the
memory T cells in patients.

The expansion of the CD25 FOXP3 CD4+ subsets by RA
and TGFb is affected by expression of the PBX1-d isoform
Pbx1-d over-expression is associated with an increased
CD4+ T cell activation and a reduced Treg number and
function. Furthermore, we have shown that murine CD4
+ T cells expressing Pbx1-d and human Jurkat T cells
transfected with PBX1-d presented a defective response
to RA (Cuda et al., in revision). PBX1-d was also
expressed significantly more frequently in the CD4+ T
cells from SLE patients than from HCs (Cuda et al., in
revision). In the entire cohort combining SLE patients
and HCs, PBX1-d expression was associated with CD4+

T cell leucopenia and higher ratios of memory to naïve
CD4+ T cells. These results prompted us to examine
whether the expansion of the CD25 FOXP3 CD4+ sub-
sets by RA and TGFb were affected by the expression of
the PBX1 isoforms.
The expression of the PBX1-d isoform was asso-

ciated with a significantly decreased expansion of
CD25- Tregs by RA alone or by the combination of
RA and TGFb (Figure 7a). The same trend was
observed for their expansion by TGFb alone. The

Figure 6 Memory CD45RO+ CD45RA- CD4+ T cells are associated with a lower induction of FOXP3 by (transforming growth factor
beta) TGFb and retinoic acid (RA) in systemic lupus erythematosus (SLE) patients. (a) Treg expansion by RA in the presence of 1 ug/ml of
TGFb was negatively correlated with the percentage of memory CD4+ T cells in the peripheral blood mononuclear cells (PBMCs) of SLE patients
but not healthy controls (HCs). (b) Treg expansion by the combination of RA and 1 ug/ml of TGFb over the absence of both RA and TGFb was
negatively correlated with the percentage of memory CD4+ T cells in the PBMCs of SLE patients but not HCs. HCs are represented by white
symbols and dashed linear regression lines; SLE patients are represented by grey symbols and plain linear regression lines. The P-values for
Spearman correlation tests and the R2 values are shown for the patient and HC cohorts. Ns, non-significant.
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percentage of CD25- Tregs found prior to RA and
TGFb expansion was higher in the SLE patients than
in HCs (Figure 2c). When the samples were partitioned
according to the PBX1 isoform, individuals expressing
the PBX1-d isoform presented significantly higher
levels of CD25- Tregs prior to RA and TGFb expan-
sion than individuals with only the PBX1-a isoform
(3.38 ± 0.37% vs. 2.30 ± 0.34%, respectively, P =
0.0035). These results indicate that PBX1-d is asso-
ciated with a higher level of CD25- Tregs, but to a
decreased expansion of these cells in response to RA
or TGFb. The PBX1 isoforms did not affect the expan-
sion of Tregs by RA, TGFb, or the combination of the

two (Figure 7b). The same result was obtained with all
the combinations of RA and TGFb tested in this study
(data not shown). Finally, the expansion of CD25+

FOXP3- CD4+ T cells by either RA or TGFb alone was
not affected by PBX1 isoform expression (Figure 7c,
left and center). However, the combination of RA or
TGFb reduced the percentage of CD25+ FOXP3- CD4+

T only when these cells expressed PBX1-a, while the
percentage of cells expressing PBX1-d was not changed
by RA and TGFb (Figure 5c, right). Overall these
results suggest that PBX1-d expression is involved in
FOXP3 and CD25 expression, and that it may interfere
with RA and TGFb signals in CD4+ T cells.

Figure 7 PBX1-D expression affects FOXP3 and CD25 induction by retinoic acid and (transforming growth factor beta). Combined CD4+

T cells from systemic lupus erythematosus patients (SLE) and healthy controls (HCs) were partitioned according to their expression of the PBX1-A
(white), PBX1-D (black), co-expression of both PBX1-A and PBX1-D (A/D, light hatched) or either PBX1-D or PBX1-A/D (heavy hatched) isoforms.
The expansion of CD25- regulatory T cells (Tregs) (a), Tregs (b) and CD25+ FOXP3- CD4+ T cells (c) is shown by retinoic acid (RA) alone (left
panels), transforming growth factor beta (TGFb) alone (middle panels), or the combination of the two (right panels).
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Discussion
Many studies have examined the number and function
of Tregs in lupus patients, but to our knowledge none
has examined the ability of iTregs from lupus patients
to be induced and expanded in vitro as compared to
HCs. Basic parameters of our lupus cohort confirmed
previous findings, such as reduced numbers of CD4+ T
cells, skewed memory to naïve CD4+ T cell ratios and a
reduced CD25+ Treg compartment in patients with
active renal disease. Mouse studies have shown a func-
tional link between lymphopenia and Treg instability
[30], and suggest that the CD4+ T cell lymphopenia and
reduced Treg numbers found in SLE patients may also
be linked. We also confirmed the expansion of CD25-

Tregs in SLE patients, indicating that our study popula-
tion was similar to most cohorts that have been recently
used in the field. In vitro assays showed, however, that
this FOXP3+ subset is not suppressive, while the
matched CD25+ FOXP3+ cells were suppressive to vari-
able, but significant levels. These data support Yang et
al.’s findings [13], indicating that the CD25- FOXP3+

population that is expanded in SLE patients corresponds
to either activated T cells or to “ex-Treg” that have lost
their suppressive activity. Further analyses, including the
methylation status of the FOXP3 locus, will be necessary
to distinguish these possibilities.
A defective homeostatic regulation of FOXP3 expres-

sion in SLE CD4+ T cells was indicated by the absence
of the correlations found in HCs. The inverse correla-
tion between memory T cells and Tregs reported in our
HC cohort corresponds to the reciprocal balance
between immune suppression and inflammation [31].
The positive correlation that we observed between the
percentage of CD25- Tregs and memory T cells in HCs
could be interpreted either as these cells representing an
activated non-regulatory subset [13] or a response to
high levels of activation [14]. Nonetheless, these correla-
tions between FOXP3 expressing T cells and memory T
cells did not exist in lupus patients, while a positive cor-
relation between CD25+ FOXP3- CD4+ T cells and
memory T cells was maintained. This strongly suggests
a defect in homeostatic regulation of FOXP3+ T cells in
lupus patients. A recent study has shown that the
mechanisms involved in balancing Th1 and Th17 regu-
lation are defective in lupus patients [32]. Given the
plasticity of the CD4+ T cell subsets [33], future studies
should determine whether the defective regulations of
FOXP3+ T cells and Th1/Th17 T cells in lupus patients
are functionally related.
As expected, RA expanded the TGFb induction of

Tregs and decreased the proportion of CD25+ FOXP3-

CD4+ T cells in HCs. The effects of RA and TGFb on
SLE T cells were, however, more complex, and different
when considered singly or in combination. TGFb alone

expanded significantly more lupus Tregs than HC
Tregs. Several studies have found decreased levels of
TGFb in SLE patients [34] (although a recent one did
not find any difference [32]), and the enhanced response
that we observed in SLE Tregs may represent a conse-
quence of a relative in vivo TGFb starvation. RA alone
also expanded SLE Tregs, while there was no expansion
of HC Tregs. In the presence of TGFb, however, the
benefit of RA exposure was significantly less for SLE
Treg expansion than for HC Treg expansion. This sug-
gests that the integration of the TGFb and RA signals
might be defective in lupus T cells, which will have to
be investigated systematically at the cellular and molecu-
lar levels. Several mechanisms have been proposed for
RA expansion of TGBb-induced Tregs, including by
enhancing Foxp3 transcription and counteracting IL-6
signaling [19,35], or blocking CD4+ CD44hi memory
cells from inhibiting iTreg differentiation [29]. The
negative correlation that we have found between the
levels of memory T cells and Treg expansion by the
combination of TGFb and RA in SLE patients suggests
that at least the latter mechanism is defective, either
because there are too many memory T cells or they are
refractory to RA inhibition. Interestingly, the CD25-

Tregs were also expanded by the combination of RA
and TGBb, and these cells responded less to TGBb and
to the combination of TGBb and RA in SLE patients
than HCs. Finally, the CD25+ FOXP3- CD4+ T cells
responded to TGBb and RA in opposite directions
between SLE patients and HC controls, with an expan-
sion in the former and a reduction in the latter. Overall,
these results suggest that the integration of the TGBb
and RA pathways that are involved in the induction of
CD4+ T cell subsets are defective in lupus patients. A
pro-inflammatory role of RA has been recently discov-
ered when it is expressed with high levels of IL-15 in
the gut [36]. SLE patients express high levels of pro-
inflammatory cytokines; therefore, creating a milieu that
may promote RA pro-inflammatory role, a hypothesis
that will have to be tested in future studies.
Pbx1 is a transcription factor whose function is linked

to RA [37]. Its role in adult immune cells has not yet
been described, except for macrophages in which it reg-
ulates the production of IL-10 in response to apoptotic
cells [38]. By positional cloning, we have determined
that Pbx1 regulates the production of autoreactive CD4+

T cells and the size of the Treg compartment in the
NZM2410 lupus model. Pbx1-d also altered the
responses of CD4+ T cells to RA. Based on the homol-
ogy between murine and human PBX1, we investigated
the expression of PBX1-d, the isoform over-expressed in
the NZM210 allele, in lupus patients’ CD4+ T cells. We
found not only that PBX1-d was over expressed in lupus
patients as compared to normal controls, but that
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PBX1-d expression in the general population was asso-
ciated with decreased CD4+ T cell numbers and
increased levels of memory CD4+ T cells (Cuda et al., in
revision). In this study, we found that PBX1-d expres-
sion had no effect of CD25+ Treg expansion by TGFb
and RA. PBX1-d was however associated with a higher
level of CD25- Tregs, but to a defective expansion of
these cells in response to TGFb and RA. The nature of
the molecular events by which PBX1-d promotes CD25-

Treg expansion remains to be determined.

Conclusions
Overall, the expression of the PBX1-d isoform that is
significantly associated with SLE in both murine and
human T cells impacts the homeostasis of memory T
cells (Cuda et al., in revision) and regulatory T cells,
including that of CD25- Tregs that we have found to
have lost their regulatory functions (this study). This
represents a novel mechanism of auto-reactive T cell
regulation that needs to be elucidated at the molecular
level.
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