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Regulatory T Cell (Treg) Subsets Return in Patients with
Refractory Lupus following Stem Cell Transplantation, and
TGF-�-Producing CD8� Treg Cells Are Associated with
Immunological Remission of Lupus1

Li Zhang,* Anne M. Bertucci,* Rosalind Ramsey-Goldman,* Richard K. Burt,†

and Syamal K. Datta2*‡

Compared with conventional drug therapy, autologous hemopoietic stem cell transplantation (HSCT) can induce very-long-
term remission in refractory lupus patients. Herein, we show that in posttransplant patients, both CD4�CD25highFoxP3� and
an unusual CD8�FoxP3� Treg subset return to levels seen in normal subjects; accompanied by almost complete inhibition
of pathogenic T cell response to critical peptide autoepitopes from histones in nucleosomes, the major lupus autoantigen from
apoptotic cells. In addition to a stably sustained elevation of FoxP3, posttransplant CD8 T cells also maintained markedly
higher expression levels of latency-associated peptide (LAP), CD103, PD-1, PD-L1, and CTLA-4, as compared with pre-
transplant CD8 T cells that were identically treated by a one-time activation and rest in short-term culture. The posttrans-
plant CD8 regulatory T cells (Treg) have autoantigen-specific and nonspecific suppressive activity, which is contact inde-
pendent and predominantly TGF-� dependent. By contrast, the pretransplant CD8 T cells have helper activity, which is cell
contact dependent. Although CD4�CD25high Treg cells return during clinical remission of conventional drug-treated lupus,
the posttransplant patient’s CD8 Treg cells are considerably more potent, and they are absent in drug-treated patients in
whom CD4 T cell autoreactivity to nucleosomal epitopes persists even during clinical remission. Therefore, unlike conven-
tional drug therapy, hemopoietic stem cell transplantation generates a newly differentiated population of LAPhighCD103high

CD8TGF-� Treg cells, which repairs the Treg deficiency in human lupus to maintain patients in true immunological
remission. The Journal of Immunology, 2009, 183: 6346 – 6358.

S ystemic lupus erythematosus (SLE)3 is characterized by
autoantigen-driven interactions between autoimmune Th
cells and B cells, leading to production of somatically mu-

tated IgG autoantibodies against apoptotic nuclear Ags (1–6). Nu-
cleosomes and their histone peptides are major lupus immunogens,
and five critical autoepitopes that trigger interaction between lupus
T and B cells in patients and mice with SLE are in histone (H)
regions, H1�22–42, H382–105, H3115–135, H416–39, and H471–94 (7–
11). These histone peptide epitopes accelerate lupus nephritis upon
immunization, but they delay or even reverse disease upon toler-

ization at high or low doses, in mice with spontaneous SLE
(10, 11).

Although the immunology of SLE is complex, defect(s) in im-
munoregulation probably plays a crucial role in expansion of au-
toimmune cells. Most work has focused on CD4�CD25� regula-
tory T (Treg) cells (12–19). However, CD8� Tregs, originally
called T suppressors (20), have not been well defined. CD8�

CD28� Treg cells that inhibit APCs by contact (21) or by cyto-
kines, IFN-� (22), and/or IL-10 (23) in allogeneic transplant situ-
ations, as well as cytotoxic CD8 T cells that are restricted to
examples of organ-specific autoimmunity (24), have been re-
ported. Furthermore, TGF-� plus IL-2 treatment or TGF-�-treated
APCs can induce CD8 Treg cells, which may produce IL-4,
TGF-�, or IL-10 (19, 25).

The percentage of CD4�CD25�T cells is significantly decreased in
patients with lupus (26–28), and in lupus-prone (NZB � NZW)F1

(BWF1) and (SWR � NZB)F1 (SNF1) mice (29), but autoantigen
specificity of such cells was not determined. Low dose tolerance in
SNF1 mice with nucleosomal histone peptide epitope, H471–94,
H416–39, or H1�22–42 that contain both MHC class II and class I bind-
ing motifs, induced CD8�, as well as CD4�CD25� Treg subsets
containing autoantigen-specific Treg cells which suppress responses
of pathogenic lupus T cells to nucleosomal epitopes, and reduce au-
toantibody production by inhibiting the T cell help to nuclear autoan-
tigen-specific B cells (11, 30). High doses of an anti-DNA or other
Ig-related peptide (pConsensus or hCDR1) could suppress lupus in
BWF1 mice and expand CD4 Treg cells in vivo; pConsensus could
also induce human functional CD4�CD25high Treg cells in vitro (31–
33). Alternatively, in lupus-susceptible MRL mice, CD4�CD25� T

*Division of Rheumatology and Division of †Immunotherapy, Department of Med-
icine, and ‡Department of Microbiology-Immunology, Northwestern University Fein-
berg School of Medicine, Chicago, IL 60611

Received for publication June 3, 2009. Accepted for publication September 10, 2009.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.
1 This work was supported by National Institutes of Health Grant RO1 AR39157 (to
S.K.D.), Lupus Foundation of America (to R.K.B.), and National Institutes of Health
Grant P60 AR30692 (to R.R.G.).
2 Address correspondence and reprint requests to Dr. Syamal K. Datta, Division
of Rheumatology, Northwestern University Feinberg School of Medicine, 240
East Huron Street, McGaw No. M300, Chicago, IL 60611. E-mail address:
skd257@northwestern.edu
3 Abbreviations used in this paper: SLE, systemic lupus erythematosus; Treg, regu-
latory T cells; HSCT, hemopoietic stem cell transplantation; SLEDAI, SLE disease
activity index; CRI, cytokine response index; LAP, latency-associated peptide; CFC,
cytokine flow cytometry; aSLE, active SLE; iSLE, inactive SLE; CD62L, L-selectin.

Copyright © 2009 by The American Association of Immunologists, Inc. 0022-1767/09/$2.00

The Journal of Immunology

www.jimmunol.org/cgi/doi/10.4049/jimmunol.0901773

 by guest on July 2, 2019
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 

http://www.jimmunol.org/


cells show reduced sensitivity to suppression by CD4�CD25� Treg
cells (34), as found in some patients with active lupus (35).
CD4�CD25� T cells also resist inhibition by CD4�CD25� Treg or
TGF-� in Cbl-b-deficient (Cbl-b-�/�) C57BL/6 mice (36). Indeed,
human lupus CD4� T cells are resistant to anergy, associated with
reduction of Cbl/Cbl-b (37, 38), and they also resist activation
induced apoptosis by increasing cyclooxygenase-2 and c-FLIP
expression (39). The CD8� T cells are also abnormal in lupus
patients, being less competent in cytotoxic activity, and they
actually help B cells to make autoantibodies (40 – 42). CD8� T
cells from healthy subjects, derived by culturing with IL-2 and
GM-CSF, mediated nonspecific suppression by IFN-� and IL-6,
and this Treg function was impaired in active lupus (43). How-
ever, pathogenic IgG autoantibodies belong to Th1- or IFN-�-
dependent subclasses, and IL-6 production is actually increased
in lupus, which might contribute to differentiation of autoim-
mune Th cells into CD40Lhigh, IL-17/IL-21 producing inflam-
matory Th17 and follicular Th cells with concomitant decrease
in Treg cells (30, 44 – 49). Thus, very little is known about how
CD8� Treg cells could control human lupus, although animal
models indicate their importance (11, 19, 50). Moreover, it was
reported CD4�CD25� Treg cells increase after stem cell trans-
plant in patients with juvenile idiopathic arthritis, but no studies
on CD8� Treg were done (51).

Compared with conventional drug treatment, autologous hemo-
poietic stem cell transplantation (HSCT) can induce very-long-
term remission in refractory lupus patients. There are �70 patients
who have undergone autologous HSCT at Northwestern Univer-
sity (Chicago, IL) for refractory SLE with promising outcomes in
terms of treatment safety and disease remission as reported previ-
ously (52–54). Stem cell transplantation for autoimmune disease is
a three-step procedure (55, 56): 1) harvesting of autologous he-
mopoietic/immune stem cells from a patient’s blood; 2) ablation or
near ablation of a patients immune system (T and B cells) with
chemotherapy (cyclophosphamide) and antilymphocyte Abs; and
3) reinfusion of autologous immune stem cells to hasten hemopoi-
etic and immune recovery. The rationale of an autologous hemo-
poietic (immune cell) transplant is to immune ablate and then im-
mune reset by regenerating T and B cells from the stem cell
compartment (55). Importantly, immune ablation is achieved by
using a nonmyeloablative regimen that specifically targets only the
immune compartment and does not destroy the entire bone marrow
compartment, which makes the therapy safer than autologous
HSCT performed with myeloablative intent to destroy any leuke-
mia containing bone marrow compartment in leukemic patients.
The exact mechanism/s by which self-tolerance returns after
HSCT therapy is still undefined.

In this study, we focus on the role of CD8 Treg cells in HSCT
therapy. We studied 15 pre- and 15 posttransplant patients with
SLE, and some of them were prospectively followed for up to 8
years after receiving HSCT. Our results provide evidence that the
TGF-�-producing CD8�LAPhighCD103highFoxP3� Treg subset
(in which LAP is latency-associated peptide) return in posttrans-
plant patients and play very important role of controlling autoim-
mune responses in SLE.

Materials and Methods
Subjects

We enrolled 15 pre- and 15 posttransplant (nonmyeloablative HSCT), as
well as 10 conventional drug-treated lupus patients (mean age, 34 years;
range, 16–58) who fulfilled the American College of Rheumatology re-
vised criteria for the classification of SLE (57) and 15 healthy donors (age
23–57 years) who had no history of autoimmune disease (normal controls).
Disease activity was scored based on the SLE disease activity index

(SLEDAI; Ref. 58). Patients with SLEDAI �3 were considered to have
inactive disease (remission), and those with SLEDAI �3 were considered
to have active disease. Clinically relevant demographic profile of the pa-
tients is shown in Tables I and II. The study was approved by the Institu-
tional Review Board of Northwestern University.

mAbs and cytokines

For immunostaining, mouse PE-, FITC-, PerCP-, and allophycocyanin-
conjugated mAbs against human CD3 (UCHT1), CD28 (L293), CD4
(SK3), CD8 (SK1), CD25 (M-A053), CD103 (Ber-ACT8), CD56 (B159),
CD27 (M-T271), L-selectin (CD62L; Dreg56), CTLA-4 (BNI3), IFN-�
(25723.11), IL-13 (JES10-5A2), CD127 (HIL-7R-M21), and correspond-
ing mouse isotype controls (obtained from BD Biosciences or BD Pharm-
ingen) were used. FITC-conjugated PD-1 (MIH4) and allophycocyanain
conjugate PD-L1 (MIH1) as well as corresponding isotype control were
purchased from eBioscience. PE-conjugated LAP and FITC-conjugated IL-
10, with corresponding isotype controls, and IL-2, IL-7, and IL-15 were
purchased from R&D Systems for cell culture. Anti-TGF-�, anti-IL-13,

Table I. HSCT patient demographic: clinical and treatment status of
pre- and posttransplant SLE patients in the study

Patients
Code Status Age/Sex/Race SLEDAI Current Treatment

1 Pre-t 24/F/W 28 Pred.,a CTX, MMF, HCQ
1-B Post-t 3 mo 0b Pred., MMF
2 Pre-t 40/F/W 12 Pred., CTX, HCQ
2-B Post-t 3 yr 1 Pred., MMF
3 Pre-t 26/F/W 6 MMF
3-B Post-t 2 yr 0 None
4 Pre-t 51/F/W 26 Pred., MMF
4-B Post-t 2 yr 0 HCQ
5 Pre-t 42/F/W 35 Pred., MMF
5-B Post-t 2 yr 4 Pred., MMF
6 Pre-t 40/F/H 24 MMF
6-B Post-t 2 yr 0 MMF
7 Pre-t 31/F/W 18 CTX
7-B Post-t 1 yr 0 None
8 Pre-t 47/F/W 13 Pred., MMF
8-B Post-t 6 mo 0 Pred.,
9 Pre-t 20/F/H 38 Pred., CTX, MMF
9-B Post-t 1 yr 0 None
10 Pre-t 21/F/W 11 Pred., CTX, MMF, RTX
10-B Post-t 1 yr 0 None
11 Pre-t 40/F/W 23 Pred., MMF, RTX
12 Pre-t 27/F/ 8 Pred., CTX,
13 Pre-t 16/F/W 15 Pred., AZA, CTX, RTX
14 Pre-t 54/F/W 26 Pred., MMF, CTX
15 Pre-t 22/M 11 Pred., MMF, CTX, RTX
16 Post-t 5 yr 27/F 0* None
17 Post-t 8 yr 48/F/W 1 MMF, HCQ
18 Post-t 5 yr 51/F 0 MMF
19 Post-t 2 yr 46/F 0 Pred.
20 Post-t 8 yr 34/F/W 0 None

a Pre-t, Pretransplant; Post-t, posttransplant; W, white/Caucasian; H, Hispanic;
Pred., prednisone or steroids; HCQ, hydroxychloroquine (Plaquenil); MMF, myco-
phenolate Mofetil (CellCept); AZA, azathioprine (Imuran); CTX, cyclophosphamide
(Cytoxan); RTX, rituximab.

b No score compiled, but clinically in remission.

Table II. Conventionally treated patient demographic: clinical and
treatment status of conventional drug-treated SLE patients in the study

Patient Code Age/Sex SLEDAI Score Current Treatment

1 42/F 0 HCQa

2 36/F 0 MTX, HCQ
3 53/F 0 HCQ
4 58/F 0 Pred., HCQ
5 54/F 0 Pred., HCQ
6 38/F 0 None
7 47/F 2 AZA, LEF
8 51/F 0 None
9 53/F 6 HCQ
10 34/F 2 None

a HCQ, hydroxychloroquine (Plaquenil); Pred., prednisone or steroids; AZA, aza-
thioprine (Imuran); MTX, methotrexate; LEF, leflunomide (Arava).
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and anti-IL-10 (R&D Systems) neutralization Abs were used to test for
blocking suppression.

Peptides and nucleosomes

All peptides were synthesized by F-moc chemistry and their purity was
checked by amino acid analysis by the manufacturers (Chiron Mimotopes and
New England Peptide). Nucleosomes were prepared as described (6, 7).

Cell preparation

PBMCs from patients or healthy donors were isolated as described (7, 9).
Aliquots of these cells were used to make short-term T cell lines, and other
cells were used directly for stimulation with Ags. After an initial period of
rest and recovery with IL-2 (10 U/ml), short-term CD4 and CD8 T cell
lines were derived from PBMCs of lupus and normal subjects under iden-
tical conditions by one-time stimulation with anti-CD3 and anti-CD28 Abs,
with IL-2, IL-7, and IL-15 in culture, and then resting for 10 days to
remove any confounding effects of cytokines, anti-T cell autoantibodies,
autoantigenic stimulation, and drugs (5, 9, 37, 39). The short-term line T
cells from lupus patients retain autoimmune function and other immune
abnormalities characteristic of lupus (9, 37, 39, 41). To obtain CD4�

CD25� T cells, CD4 T cells were stained with anti-CD4-PerCP and anti-
CD25-PE or the isotype control Ab conjugated with PE for 30 min at 4°C,
and CD4�CD25� and CD4�CD25� T cells were purified using a MoFlo
high-speed cell sorter (DakoCytomation) to a purity of �98%. In some
experiments, CD4�CD25high T cells, or CD4�CD127�CD25high T cells
were purified from PBMCs or short-term CD4 lines by cell sorting using
published methods (59).

Flow cytometry

T cells from patients and healthy donors were stained with CD4-PerCP
plus CD25-FITC, or CD8-allophycocyanin plus CD28-FITC and PE-con-
jugated anti-CD103, anti-CD56, anti-CD27, anti-CD62L, anti-PD-1, and
anti-PD-L1 at 4°C for 30 min in the dark. Matched PE-conjugated IgG
isotype controls were used. To stain for PD-1, PD-L1, and CTLA-4, T cells
were stimulated with anti-CD3/anti-CD28 for 24 h in the presence of 20
U/ml IL-2. For maximal (surface and intracellular) staining of CTLA-4, T
cells were cultured with 0.1 mM pervanadate (phosphatase inhibitor) for 15
min at room temperature in the dark (37), washed once in complete RPMI,
and then stained first for surface Ags. Next, they were fixed, permeabilized,
and then incubated with anti-CTLA-4 or the isotype control Ab at 37°C for
1 h. To detect intracellular levels of FoxP3 in the CD4 and CD8 T cells, the
cells were first stained for surface markers by anti-CD4-PerCP, CD8-allo-
phycocyanin, CD25-FITC, or CD28-FITC, and then the cells were stained
with FoxP3-PE or the isotype control (PCH101; eBioscience) according to
the manufacturers after fixation and permeabilization. Data for 20,000 cells
were collected using FACSCalibur or LSR II flow cytometer (BD Bio-
sciences), and analyzed by BD CellQuest or Tree Star FlowJo.

Detection of CD4 T cells response to autoepitopes

Fresh PBMC samples were cultured with nucleosomal histone peptide
epitopes (H1�22–42, H382–105, H3115–135, H416–39, H471–94) or whole nu-
cleosomes in the presence of IL-7, IL-15, and anti-CD28/CD49d (BD Bio-
sciences) for 3 days; golgistop brefeldin A (final concentration, 1 �g/ml;
Sigma-Aldrich) was added to the wells for the last 17 h of incubation, and
then surface-stained with anti-CD4, anti-CD8 and intracellularly with anti-
IFN-� or IL-13. Cytokine response index (CRI) ratios were calculated by
dividing values for corresponding staining of resting control (without pep-
tide or nucleosome stimulation). CRI �2 is considered to be at background
level (9). Viable cells gated for being CD4� or CD8� were analyzed for
IFN-� or IL-13 production by cytokine flow cytometry (CFC; BD Bio-
sciences). We did not study IL-4 production, because available reagents are
not suitable for this assay.

Suppressor assays

To wash out confounding effects of extrinsic factors influencing a lupus
patient’s T cells (5, 9, 39); short-term T cell lines were derived from
PBMCs by one-time stimulation by anti-CD3, anti-CD28, and IL-2, and
then rested for 10 days before starting the suppression assays. We used
these short-term CD4� and CD8� T cell lines, derived under identical
conditions, from lupus patients or healthy donors to measure CD8� Treg
suppressor functions. CD4�CD25� or total CD4� T cells from the lines
were used as target (responder) cells that were stimulated with anti-CD3/
anti-CD28 for 3 days in the presence of 20 U/ml IL-2 and then rested for
10 days with IL-2 before starting the suppression assay. CFSE (2 �M;
Molecular Probes) labeled target (responder) cells (5 � 105 cells/well)
were stimulated with 50 U/ml IL-2, or an equal number of irradiated al-

logeneic APCs (3000 rad), and cocultured with different numbers of au-
tologous CD8 line T cells (the ratios of target T cells to CD8 T cells being
1:1, 1:0.5, 1:0.25, 1:0.125, 1:0.0625, and 1:0.03125), either in contact or
separated by cell-impermeable membranes of transwell plates (Corning
Costar; 0.4 �m pore size), and proliferation (CFSE dilution) of gated CD4
T cells was assessed by flow cytometry after culturing for 4 days. The
percent of inhibition was calculated as [(% of proliferated target T cells
cultured alone � % of proliferated target T cells in coculture with CD8 T
cells)/(% of proliferated target T cells cultured alone)] � 100. In experi-
ments to block suppressive effect of the post-CD8 T cells, XViVo-20 se-
rum-free medium (Lonza) supplemented with penicillin-streptomycin was
used and different concentrations of anti-TGF-�, anti-IL-10, or anti-IL-13
neutralization Ab, or isotype control were added at the day 0 and main-
tained throughout the experiment. The percent of blocking of suppression
was calculated as [(% of proliferated target T cells in cultures with block-
ing Ab � % of proliferated target T cells cultured with respective isotype
control)/(% of proliferated target T cells cultured in medium � % of pro-
liferation target T cells cultured with isotype control)] � 100.

To measure the autoantigen-specific helper or suppression function of
CD8 T cells, posttransplant PBMC were cocultured with autologous pre-
transplant or posttransplant CD8 T cells at ratios of 1:0.5 and stimulated
with nucleosomal histone peptide epitopes or whole nucleosomes. In ad-
dition, PBMCs from drug-treated lupus patients were cocultured with al-
logeneic pre- or posttransplant CD8 T cells and stimulated with autoanti-
gens. Intracellular cytokine response of target CD4 T cells in the PBMC
was measured by CFC, as mentioned above.

Statistical analysis

Data analyses were performed using Prism 4.0 software (GraphPad Soft-
wear). Comparisons were performed by Student t tests. Results are ex-
pressed as mean � SD; p values �0.05 were considered significant.

Results
Autologous HSCT reduced IFN-� response and increased
immunoregulatory IL-13 response of CD4 T cells in fresh
PBMCs to major peptide autoepitopes from nucleosomes

Most pathogenic autoantibodies in lupus that fix complement and
bind to activating Fc�R on inflammatory cells belong to the IgG
subclasses that are Th1 or IFN-� dependent (7). Although T cells
in freshly obtained lupus PBMCs proliferate poorly when tested
immediately ex vivo for reasons mentioned above (4, 5, 9, 37, 39),
the CD4 T cells in lupus patients respond strongly to the critical
histone peptides in nucleosomes by producing IFN-�, and those
peptide epitopes also accelerate lupus in mouse models upon im-
munization (7–9). Herein, we wanted to know whether the CD4 T
cells in fresh PBMCs from posttransplant lupus patients can still
respond to those autoantigens. The results (Fig. 1) show that Th1
type IFN-� response of CD4 T cells to critical peptide epitopes
(H1�22–42, H382–105, H3115–135, H416–39, H471–94) and nucleo-
somes drops to background (normal) levels in the posttransplant
lupus patients who were in remission. Alternatively, the counter-
inflammatory IL-13 response of those T cells rises (posttransplant
vs normal, p � 0.008 to p �0.01; posttransplant vs pretransplant,
p � 0.05 to p � 0.01). By contrast, the IFN-� response of CD4 T
cells in pretransplant lupus patients’ PBMCs to the peptide auto-
epitopes was elevated (pretransplant vs normal, p � 0.001 to p �
0.01; pretransplant vs posttransplant, p � 0.05 to p � 0.002),
similar to patients with active lupus that we had previously re-
ported (9), but they had low IL-13 response (Fig. 1A). In this
regard, we had previously found that CD4� T cells in lupus pa-
tients, who were in clinical remission after conventional drug ther-
apy, still retained IFN-� response to the peptide epitopes (9).
Therefore, the posttransplant remission patients are different with
regard to mechanisms down-regulating the autoimmune response.

CD8 T cells are the major contributors to the suppression of
autoreactive response in posttransplant patients

To address the question whether the reduced IFN-� response of
CD4� T cells to the peptide epitopes in the posttransplant lupus
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patients is caused by the suppressive function of CD8 Treg cells or
because HSCT caused lower responsiveness of the CD4� T cells,
or both, CD8� T cells were deleted from the posttransplant
PBMCs, and then the intracellular IFN-�s of CD4� T cell response
to peptide epitopes were measured in three groups: group A, total
PBMC; group B, PBMCs deleted of CD8� T cells; and group C,
CD8� T cells added back to group B. The IFN- � response of

CD4� T cells in the group of PBMCs deleted of CD8� T cells
(group B) to peptide epitopes was significantly higher than that of
CD4� T cells of other two groups (Fig. 1B), indicating that CD8
Treg cells play critical role in suppressing the autoreactive CD4 T
cells response. CD4�CD25high Treg cells in the PBMC might also
have contributed to suppression because the response was not re-
stored to pretransplant levels after CD8 T cell removal, which we

FIGURE 1. Autologous HSCT (posttransplant; Postt) reduced IFN-� but increased IL-13 responses of CD4� T cell in fresh PBMCs to nucleosomal
autoepitopes. A, Fresh PBMC samples were cultured with nucleosomal histone peptide epitopes or whole nuclesomes (Nuc.) in the presence of IL-2, IL-7,
IL-15, and anti-CD28/CD49d for 3 days and then stained for surface CD4 and intracellular IFN-� or IL-13 for flow cytometry analysis of gated CD4� T
cells. Peptide epitope designations are abbreviated to fit the x-axis, for example H1�22–42 is H1, H3115–135 is H3(115), and so on. The baseline values of
the IFN-� response of CD4 T in PBMCs (cultured in medium only) were 0.06–0.27, and the baseline values of IL-13 response of CD4 T (medium only)
were 0.07–0.34. The CRI ratios were calculated by dividing experimental values by the corresponding values of resting control CD4 cells (without
autoantigen stimulation). CRI �2 is considered to be at background. Bar, mean. We used a BRN-3 transcription factor-related peptide, called eluted
peptide-2 (sequence DWMEEEEGAQREKE), as a negative control peptide for the histone peptide epitopes (8) and OVA323–339 as an irrelevant control
Ag for nucleosomes; the positive control was stimulated with anti-CD3. The CRIs for IFN-� response of CD4 T cells were 0.5–1.6 to eluted peptide-2,
0.4–1.2 to OVA, and 12.7–51 to anti-CD3. The CRIs for IL-13 response of CD4 T cells were 0.4–1.8 to eluted peptide-2, 0.6–1.5 to OVA, and 9.3–46
to anti-CD3. B, Posttransplant PBMCs were depleted of CD8 T cells and then cultured with nucleosomal autoepitopes to measure IFN-� response of CD4
T cells as in A, along with two other groups: whole PBMC group; and a group with CD8 T cells added back to PBMC which were depleted of CD8 T cells.
Experiments were repeated five times; bars, mean � SD. �, p � 0.01. C, CD4�CD25high (CD25hi)T cells or CD8 T cells were removed from posttransplant
PBMCs by sorting; then the whole PBMCs, or PBMCs without CD4�CD25high or without CD8 T cells were cultured with nucleosomal autoepitopes to
measure the IFN-� response of CD4 T cells as in A. Experiments were repeated three times; bars, mean � SD.
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address in the next section using short-term line T cells. Indeed,
when the CD4�CD25high cell subset (range, 0.9–1.25%) was de-
leted from posttransplant PBMCs, the IFN-� response of CD4 T
cells to some histone epitopes was also significantly restored, but
not as strongly as deletion of total CD8 T cells did in the case of
some of the peptides and whole nucleosomes (Fig. 1C).

Increase in percentage of CD4�CD25highFoxP3� and
CD8�FoxP3� and CD8�CD103� T cells in short-term T cell
lines from posttransplant lupus patients

Human peripheral blood contains Treg cells, and the transcription
factor FoxP3 is critical for Treg cells. To compare the numbers of
Treg cells in pre- and posttransplant, as well as conventional drug-
treated lupus patients’ peripheral blood, we used three-color flow
cytometry to distinguish two types of CD8 Treg cell subsets based
on the expression of CD28, namely CD8�CD28�FoxP3� and
CD8�CD28�FoxP3� cells; and we also examined the CD4�

CD25highFoxP3� Treg subset. We stained fresh PBMC directly ex
vivo, as well as short-term CD4 and CD8 line T cells. To wash out
confounding effects of extrinsic factors influencing lupus patients’
T cells (5, 9, 39); short-term T cell lines were derived from PBMCs
by one-time stimulation by anti-CD3, anti-CD28, and IL-2 and
then rested for 10 days. Such short-term line T cells retain the
autoimmune characteristics of lupus T cells (5, 9, 39). Fig. 2A,
shows that the percent of FoxP3� cells in short-term line CD8�

(CD28� or CD28�) T cells from posttransplant patients were in-
creased considerably, as compared with pretransplant samples;
however, this difference cannot be seen in CD8�CD28� cells in
fresh PBMCs (Fig. 2C), probably because the differences in FoxP3
expression become evident after T cell activation. Nevertheless,
the short-term culture T cells were rested following stimulation for
10 days, demonstrating a stable and sustained elevation of FoxP3
expression only in the posttransplant and normal T cells. Although
it was believed that the CD28� phenotype can be used as a T
suppressor cell marker (60), our result shows that the percentages
of FoxP3� cells in the CD8� T cells from posttransplant patients
were significantly increased not only in CD28� subpopulations but
also in CD28�; and in contrast to pretransplant patient samples and
drug-treated patient samples, FoxP3� cells were also significantly
increased in the CD4� CD25high T cell lines from posttransplant
patients.

We wanted to define the surface marker/s which is/are coex-
pressed in FoxP3�CD8� T cells by flow cytometry. We detected
that CD103, PD1, PDL-1, and CTLA-4 (61–63) were all signifi-
cantly increased in posttransplant CD8 line T cells compared with
pretransplant samples (Fig. 2A). Although PD-1, PD-L1, and
CTLA-4 expression in CD8 line T cells from conventional drug-
induced remission patients were not significantly different from
those in posttransplant CD8 line T cells, expression of CD103 and
intracellular Foxp3 was significantly lower in CD4 and CD8 line T
cells from drug-induced remission lupus patients. However, none
of the PD-1, PD-L1, CTLA-4, or CD103 markers showed corre-
lated expression with FoxP3 in CD8 T cells at the same time point
(data not shown). When CD103 expression was compared in pre-
and posttransplant patients’ CD8 line T cells after rest periods
following TCR activation, different kinetics were observed in both
the CD28� and CD28� subsets. Results showed that although the
CD103 expression were high in CD8 line T cells from posttrans-
plant patients and low in CD8 line T cells from pretransplant pa-
tients before anti-CD3/anti-CD28 stimulation, the CD103 level in
both pre- and posttransplant CD8 line T cells increased markedly
after TCR activation. However, posttransplant CD8 T cells re-
tained high level of CD103 even after cells were rested for 9 days,
but the CD103 level of pretransplant CD8 T cells decreased rap-

idly after cells were rested for only 6 days. These temporal changes
in CD103 level showed the same trend in both CD28� and CD28�

subsets (Fig. 2B).

HSCT, but not conventional drug therapy, restored suppressive
activity in CD8� T cells of lupus patients

To determine whether the CD8 T cells had suppressor activity,
CD4 line T cells were used as target (responding) cells. In most
experiments, CD25� cells were removed from the CD4� target
(responder) T cell population, in case the CD4�CD25high cells
confound the results of CD8� Treg activity. In our suppression
assay system, we used IL-2 to induce proliferation of the rested
CD4 line T cells (target cells), as well as to activate any CD8 line
Treg cells, because that is a more physiological stimulus than over-
whelming and artificial anti-CD3 stimulation. Allogeneic irradi-
ated APCs were also potent stimulators for T cells, but not con-
sistently, because in some lines they could not stimulate CD4 or
CD8 T cells very well. This might have been due to some degrees
of MHC match between the allogeneic APCs and the T cells by
coincidence. Because it is well known that high dose of IL-2 alone
can induce proliferation of TCR-activated and subsequently rested
T cells (64, 65), we searched for the optimal IL-2 dose and found
that 20, 50, and 100 U/ml IL-2 all can activate CD4 and CD8 line
T cells and the suppression results were consistent even at the
highest level of IL-2 (dose data not shown), indicating that IL-2
hogging by CD8 T cells was not the cause of suppression. There-
fore, 50 U/ml IL-2 was chosen in our suppression assays. Because
there is no unique cell surface marker to isolate CD8 Treg cells,
total CD8 line T cells were used in coculture with autologous
target CD4 T cells at different ratios (ratio of target CD4T to Treg
at 1:1, 1:0.5, 1:0.25, 1:0.125, 1:0.0625, and 1:0.03125). We found
that ratios of 1:1, 1:0.5, and even 1:0.25 could show a strong sup-
pressive effect (Fig. 3C), and the 1:0.5 ratio was used in most of
our experiments, which showed that the CD8 T cells from post-
transplant patients significantly decreased the proliferative re-
sponses of autologous CD4 T cells to a high dose of IL-2 (50
U/ml), or to allogeneic APCs (Fig. 3D). Collectively, in the
presence of posttransplant CD8 T cells, the percent suppression
of proliferation of CD4 target T cells was 35– 48%, but this
suppressive effect could not be found with conventional drug-
induced remission patients’ CD8� T cells. CD8� T cells from
pretransplant lupus patients could not suppress their autologous
CD4 T cells proliferation. Instead, those patients’ CD8 T cells
actually enhanced autologous CD4 T cell proliferation that was
induced by IL-2.

Posttransplant CD8 T cells even without Treg enrichment, have
stronger suppressive function than autologous CD4�CD25high

Treg subset

We compared the suppressive effects of posttransplant, short-term
line, unfractionated CD8� T cells with CD4�CD25� T cells pu-
rified from CD4� line T cells on autologous target cells (short-
term line CD4� T cells as a whole or CD4�CD25� T cells purified
from it) side by side. CD4�CD25� T cells or CD8 T cells were
cocultured with the target T cells in cell contact or separated by
transwell membrane, and results showed that the posttransplant
CD4�CD25� T cells had a minor suppressive effect on target T
cells proliferation in both coculture conditions (the percentages of
suppression were 16% on CD4�CD25� target T cells and 18% on
total CD4 target T cells), whereas the autologous CD8 Treg cells
showed significantly higher inhibitory function (the percentages of
suppression were 40% on CD4�CD25� target T cells and 36% on
total CD4 target T cells; Fig. 4A). We found that posttransplant
CD4 line T cells were 90% CD4�CD127� following the one-time
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activation and rest; therefore, most of the CD4�CD25� T cells
used there were CD127�. We next compared the suppressive ef-
fects of posttransplant, short-term line CD8� T cells as a whole

with CD4�CD127�CD25high Treg cells sorted from the CD4�

line T cells on autologous CD4�CD25� target cells in cell contact
and found that the suppressive effect of those posttransplant

FIGURE 2. Increase in CD8�FoxP3� and CD4�CD25high (CD25hi)FoxP3� Treg cells after stem cell transplant. A, Short-term CD4 and CD8� T cell
line cells from normal subjects and pre- and posttransplant (pre-t and post-t), as well as conventional drug-treated (drug) lupus patients were stained for
CD4, CD25 or CD8, CD28, CD103, PD-1, PD-L1, and intracellular FoxP3, CTLA-4 (to stain for PD-1, PD-L1, and CTLA-4, the CD8 T cells were
stimulated with anti-CD3 for 24 h). Where samples were available from the same patient, connected plots are shown first for pre- and posttransplant
samples, in addition to the collective data. y-axes show percent of positive cells among viable T cells gated for being CD4� or CD8�. n � 10; horizontal
line, mean; �, p � 0.01. B, Pre- and posttransplant CD8 line T cells were stained with CD8, CD28, and CD103 before cells were stimulated with
anti-CD3/CD28 for 24 h in the presence of 20 U/ml IL-2, and then cells were rested for 9 days, and levels of CD8, CD28, and CD103 expression were
measured at days 3, 6, and 9 of resting. Results are from three experiments; bars, mean � SD, �, p � 0.05. C, percent of CD8�CD28�FoxP3� cell subset
was measured in fresh PBMC from pre- and posttransplant lupus patients, as well as normal subjects. n � 10, horizontal line, mean; �, p � 0.01.
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FIGURE 3. Restoration of suppressive activity in CD8� T cells of lupus patients after stem cell transplantation. CFSE-labeled target cells (short-term
line CD4�T cells or CD4�CD25� T cells) at 5 � 105 cell/well were cocultured with autologous pre- (pre-t) or posttransplant (post-t) CD8 line T cells at
a ratio of 1:0.5 for 4 days either in contact or separated by transwell membrane, and 50 U/ml IL-2 or 7 � 105/well-irradiated allogeneic APCs were used
as stimulators in the culture system. A, Target CD4 T cells and autologous CD8 line T cells from normal donors, or pre- and posttransplant, as well as
conventional drug-treated lupus patients were cocultured in contact in the presence of 50 U/ml IL-2, n � 7–10; horizontal line, mean. B, Representative
histograms, showing proliferation of CFSE-labeled posttransplant target CD4�CD25� T cells with IL-2 by themselves or cocultured with autologous pre-
or posttransplant CD8 T cells. C, Titration of posttransplant CD8 Treg cells in suppression assay; results from three experiments are shown. The percent
of inhibition was determined by comparing proliferation of target T cells alone to the percent of proliferation of target T cells in coculture with CD8 T cells.
D, Posttransplant target CD4 cells were cocultured with autologous pre- and posttransplant CD8 line T cells, or with allogeneic normal CD8 T cells in
transwell membrane system, and both stimulated by irradiated allogeneic APCs; n-CD8, normal CD8. D, Results from five experiments; bars, mean � SD.
�, p � 0.01.
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CD4�CD127�CD25high T cells were not as strong as the post-
transplant CD8 T cells, even though the latter could not be frac-
tionated for further enrichment of putative CD8 Treg (Fig. 4B).
These results suggest that CD8 Treg subset generated by HSCT
play the major role in restoring immunoregulation.

CD8 Treg cell-mediated suppression of CD4 T cells is contact
independent

A transwell system was used to explore whether posttransplant
CD8 Treg cells down-regulate CD4 T cell response via cytokine
production. CD8 T cells and CD4 T cells were separated by a
membrane with 0.4-�m pores and cultured with irradiated alloge-
neic APCs or 50 U/ml IL-2. The proliferative response of CD4 T
cells was inhibited to the same degree when a membrane was
placed between the target CD4 and normal or posttransplant CD8
T cells (Fig. 5). These experiments indicated soluble suppressive
factors are the main mechanism of suppression excluding any cy-
totoxic contact effect. Alternatively, the helper activity of pretrans-
plant lupus CD8 T cells enhancing CD4 T cell proliferation dis-
appeared when the CD4 T cells were separated from pretransplant
CD8 T cells by a transwell membrane (Fig. 5), suggesting that the
helper function of pretransplant CD8 T cells needed cell to cell
contact.

CD8� Treg cells from posttransplant lupus patients also have
autoantigen-specific suppressive activity

As mentioned in Materials and Methods, we derived CD4 and
CD8 short-term T cell lines from PBMCs. Such short-term T cells
from patients with lupus retain specificity for nuclear autoantigens
(9, 37). To explore whether post- or pretransplant CD8� T cells
also have lupus autoantigen-specific suppressive or helper activity,
freshly obtained whole PBMCs must to be used as target, because
live APCs are needed for presentation of lupus autoantigen
epitopes. However, posttransplant lupus PBMCs do not respond
significantly to autoepitopes (Fig. 1A). Therefore, in an autologous

combination, where matched pretransplant CD8 line T cells and
posttransplant PBMCs (fresh) from the same patient were avail-
able, they could be cocultured to determine the activity of pre-
transplant CD8 T cells. The converse experiment could not be
done because pretransplant PBMCs lose APC activity in storage,
by the time posttransplant CD8 T cells could be derived from the

FIGURE 4. Posttransplant CD8
Treg cells have stronger suppressive
function than their autologous CD4�

CD25� Treg cells. A, As in Fig. 3, post-
transplant CD8 line T cells or CD4�

CD25� T cells sorted from autologous
posttransplant CD4 line T cells were
cocultured in contact, at the ratio of 1:1,
with IL-2-stimulated autologous CD4
line T cells as a whole or CD4�CD25�

T cells purified from it, as target. Re-
sults are from three experiments; bar,
mean � SD; �, p � 0.05. B, As in A,
posttransplant CD8 line T cells as a
whole, or CD4�CD127�CD25high

(CD25hi) T cells that were sorted from
autologous posttransplant CD4 line T
cells were cocultured in contact with
IL-2-stimulated target cells (sorted au-
tologous CD4�CD25� T cells), at the
ratio of 1:1. �, p � 0.05. C, Represen-
tative histograms showing CFSE-labeled
posttransplant, target CD4�CD25� T
cells proliferation when cocultured with
autologous CD4�CD25� T cells or CD8
T cells. Proliferation (CFSE dilution) of
gated CD4 T cells was assessed by flow
cytometry after coculturing for 4 days
(see Materials and Methods).

FIGURE 5. Posttransplant CD8 Treg cells mediate contact-independent
suppressive activity, whereas pretransplant CD8 T cells show contact-de-
pendent helper function. Pretransplant or posttransplant CD8 cells were
cocultured with autologous IL-2-stimulated CD4 line T cells in contact or
separated by transwell membrane by a target T cells-CD8 T cells ratio of
1:0.5. Culture conditions were similar to that in Fig. 3; results are from five
experiments; bars, mean � SD; �, p � 0.01.
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same patients months later after stem cell transplantation. There-
fore, we did attempt to study any suppressive effect of posttrans-
plant CD8 T cells in allogeneic combinations using PBMCs from
a nonautologous lupus patient.

First, pretransplant CD8 line T cells were cocultured with their
autologous posttransplant whole PBMCs in the presence of nu-
cleosomes or one of the histone peptide epitopes, and responses of
CD4 T cells in the target PBMC were measured by CFC (Fig. 6A),
using procedures described in Fig. 1A. Then, in the same way, pre-
or posttransplant CD8 line T cells were cocultured with the allo-
geneic, drug-treated lupus patients’ PBMCs that retain autoim-
mune responsiveness to nucleosome autoepitopes. The peptide
epitopes have both class II and class I motifs for stimulation of
CD4� target responder and CD8� Treg cells (30). The low level
of IFN-� response to the autoepitopes in posttransplant CD4 T
cells was reversed to pathogenic high levels when cultured with
autologous pretransplant CD8 T cells (Fig. 6A). On the other hand,
response to the autoepitopes in drug-treated patients’ CD4 T cells
was reduced when cultured with allogeneic posttransplant lupus
CD8 T cells, but it increased when cultured with allogeneic pre-
transplant CD8 T cells (Fig. 6B). In the latter case, the increased
response in this short 3-day assay was not related to allogeneic
MHC stimulation, because the control wells of coculturing the
target PBMCs with the allogeneic CD8 T cells, without peptide or
nucleosome, did not show any disproportionate increase in IFN-�
response as compared with controls in Fig. 1A containing only
autologous cells. Moreover, the same allogeneic posttransplant
CD8 T cells showed a suppressive effect on IFN-� response (Fig.
6B). These results along with those in Fig. 1B indicate that pre- and

posttransplant CD8 T cells can exhibit autoantigen-specific help or
suppressive activity, respectively.

Blockade of TGF-� predominantly abrogates the suppressive
function of posttransplant CD8 T cells

Having shown that the suppression effect of posttransplant CD8 T
cells on CD4 T cells is mediated by soluble suppressive factor
(Fig. 5) and that posttransplant CD4 T cells produce higher levels
of IL-13 in response to nucleosomal autoepitopes (Fig. 1A), we
asked whether CD8 line T cells from a posttransplant lupus patient
expressed higher levels of the TGF-� LAP, or IL-10, and whether
blocking TGF-�, 	L-10, or IL-13 abrogates the suppression func-
tion. As shown in Fig. 7, A and B, IL-2 treated posttransplant
CD8 T cells expressed markedly higher levels of LAP than did
IL-2-treated CD8 T cells from pretransplant and conventional
drug-treated lupus patients. Although the levels of IL-10 in post-
transplant CD8 T cells were much lower than those of LAP, it was
still significantly higher than that in pretransplant and conventional
drug-treated CD8 T cells. Anti-TGF-� neutralization Ab signifi-
cantly blocked the ability of the suppressive effect of posttrans-
plant CD8 T cells, the lowest effective concentration of anti-
TGF-� being 10 ng/ml. Blocking IL-10 could also reduce the
suppressive function of posttransplant CD8 Treg cells, however,
the blocking effect was not as strong as with blocking of TGF-�
(Fig. 7, C and D), indicating that TGF-� plays a more important
role in posttransplant CD8 Treg-suppressive function. On the other
hand, anti-IL-13 neutralization Ab could not abrogate the suppres-
sive effect of the CD8 T cells, suggesting IL-13 may not play a role
in CD8 Treg function here.

FIGURE 6. Pre- (Pre-t) and posttransplant (Post-t)
CD8 T cells show autoantigen-specific help or suppres-
sion function, respectively. A, Posttransplant PBMCs
were cocultured with autologous pretransplant CD8
T cells. B, Drug-treated lupus patients’ PBMCs were
cocultured with allogeneic pre- or posttransplant lupus
CD8 T cells, at a ratio of 1:0.5 for 3 days. Gated viable
CD4� T cells were then analyzed for IFN-� production
by CFC, as in Fig. 1. Experiments were repeated five
times; bars, mean � SD. �, p � 0.01, in A. Because of
the complexity of using allogeneic combinations, the
experiments in B were done only with two separate sets
of samples. Nuc., Nucleosome.
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Discussion
Although aggressive immunosuppressive therapy can control dis-
ease activity and reduce organ damage, it is impossible to achieve
the goal of drug-free remission or cure, given that patients with
organ-threatening active SLE still have 20% 2-year and 35%
5-year disease-related mortalities with conventional treatment (66,
67). The approach of HSCT was first reported for patients with
SLE in 1997 showing encouraging responses and inducing long-
term remission and low (
1.5%) mortalities. HSCT thus became
a great opportunity for patients with refractory SLE long-term re-
mission. Even if the disease returned in some patients, it was mild
and easy to treat (55, 66).

There are three hypotheses formulated for the mechanisms of
stem cell transplantation therapy: 1) immune ablation eliminates
autoreactive T cell clones; 2) autoreactive T cell clones are ren-
dered tolerant; and 3) regulatory networks controlling the autore-
active T cells are restored. It was suggested that an immune reset

occurs following autologous HSCT in patients with autoimmune
disease (56); in fact, upon immune reconstitution, the default
mechanism of the immune system is self-tolerance, but the exact
mechanism by which self-tolerance returns following a HSCT re-
mains undefined. In an attempt to address this issue, we studied
both Treg function and nucleosomal autoantigen-specific T cell
response before and after HSCT in lupus patients who were in
remission after HSCT and compared them with those of lupus
patients who received conventional drug treatment and were in
clinical remission, and healthy controls as well.

Most studies on Treg cells in human SLE have focused on
CD4� Treg cells, but results are very conflicted. Valencia et al.
(28) described reduced numbers of suppressive CD4�CD25high

FoxP3 Treg cells in the peripheral blood of patients with active
SLE (aSLE), compared with patients with inactive SLE (iSLE) and
normal donors, and those aSLE CD4 Treg cells failed to suppress
CD4�CD25� T cell proliferation, whereas iSLE CD4 Treg

FIGURE 7. Posttransplant CD8 T cells suppress au-
tologous CD4 T cell proliferation by secreting TGF-�
mainly and IL-10 to a lesser extent. A, Rested, short-
term CD8� T cell line cells from pre- and posttransplant
(Pre-t and Post-t), as well as conventional drug-treated
(drug) lupus patients were stained for CD8 and LAP or
intracellular IL-10 before (R) or after (S) culturing with
20 U/ml IL-2 for 48 h, y-axes show percent of LAP or
IL-10� cells among viable T cells gated for being
CD8�. Results are from four experiments; bars, mean �
SD. �, p � 0.05; ��, p � 0.01. B, Examples of histo-
grams of LAP expression (red line) in pre- and post-
transplant, as well as conventional drug-treated CD8
T cells after culturing with IL-2 (20 U/ml) for 48 h
(black line for isotype control). C, Different concen-
trations of anti-TGF-� or anti-IL-10-neutralizing Ab
or the relevant isotype control (IC) were added to the
posttransplant CD4� target T cells cocultured with
the autologous CD8 T cells in XViVo-20 serum-free
medium. Results show that 10 –50 �g/ml anti-TGF-
�-neutralizing Ab could significantly block the sup-
pression function of posttransplant CD8 on CD4 pro-
liferation, and 12.5–50 �g/ml anti-IL-10-neutralizing
Ab also showed blocking of the suppressive effect of
the CD8 T cells. D, For comparison, data in C are
shown as blocking of suppression by anti-TGF-� or
anti-IL-10-neutralizing Ab at the highest optimal con-
centration in the suppression assays. The percent
blocking of suppression was calculated as stated in
Materials and Methods. C and D, results from five
experiments; bars, mean � SD; �, p � 0.05 and ��,
p � 0.01.
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showed normal suppressive function. However, Yan et al. (68)
found that the number of CD4�CD25highFoxP3 Treg cells in aSLE
patients’ fresh PBMCs was actually higher than that in iSLE and
normal controls, but aSLE CD4�CD25high Treg cells showed im-
paired suppressive function when in the presence of lupus APC.
Venigalla et al. (35) also reported that the number of CD4�CD25high

FoxP3 Treg cells in aSLE fresh PBMC were higher than that in
iSLE, but the suppressive function of both aSLE and iSLE CD4
Treg cells was impaired. Although those three groups used similar
methods, they got different results, most likely because Treg stud-
ies were done with patient blood samples immediately ex vivo. We
have shown previously that lupus T cells need to rest and recover
in vitro, because many extrinsic factors may affect immune cell
function in lupus in vivo, such as excessive IFN-�, IL-6, and IL-10
production; recurrent autoantigenic stimulation; autoantibodies
against immune cell surface molecules; and global immunosup-
pressant drugs, such as steroids, Cytoxan, etc. (4, 5, 9, 37, 39). In
our study comparing the autologous pre- and posttransplant lupus
patients’ CD4 line T cells that had been rested, we found the num-
ber of pretransplant CD4�CD25highFoxP3� Treg cells to be sig-
nificantly lower, and the frequency of this subset in posttransplant
lupus patients was restored to levels seen in nonlymphopenic, nor-
mal subjects“ short-term lines derived by an identical procedure.
We also analyzed the suppressive function of CD4�CD25high Treg
cells which come from posttransplant lupus patients; but those
cells had minor suppressive function, nowhere as strong as their
autologous posttransplant CD8 Treg cells (Fig. 4).

Although very little is known about CD8 Treg cells in human
SLE, observations indicated the important role of CD8 Treg in
human organ transplantation, murine SLE (11, 50) and experimen-
tal autoimmune encephalomyelitis, but these CD8 Tregs are dif-
ferent in different situations (69). Our study found that the number
of CD8�FoxP3� Treg (CD28� or CD28�) cells significantly in-
creased in posttransplant CD8 line T cells as compared with pre-
transplant and drug-treated lupus patients; moreover, those cells
showed a strong suppressive effect on CD4 T cells proliferation.
However, our data did not show any significant difference in the
numbers of CD8�CD28�FoxP3� Treg cells in fresh PBMC from
pre- and posttransplant lupus patients, although those CD8 Treg
cell numbers are much higher in normal PBMCs (Fig. 2C), indi-
cating that unknown in vivo influences still exists between post-
transplant lupus and normal control subjects. The one-time TCR
stimulation with IL-2 in vitro followed by resting probably re-
moves the extrinsic in vivo influences mentioned above and brings
out these Treg cells in posttransplant lupus patients to the levels
seen in normal subjects. Nevertheless, the short-term culture T
cells were rested following stimulation for 10 days, demonstrating
a stable and sustained elevation of FoxP3 expression only in the
posttransplant and normal T cells. The CD8 Treg activity in the
posttransplant patients and normal subjects reported here is medi-
ated by soluble factors, such as TGF-�, and not through cytotoxic
activity. Filaci et al. (43), used different conditions to generate
CD8 Treg cells in vitro by first culturing CD8 T cells with irradi-
ated autologous monocytes in the presence of IL-2 and GM-CSF
for 7 days and then purified CD8 T cells to study Treg activity.
They reported that these cytokine-induced CD8 Treg cells from
conventional drug-treated, inactive lupus patients mediated sup-
pressive function by secreting IL-6 and IFN-�, which cytokines
paradoxically may aggravate lupus. By contrast, our results show
that the CD8 cells from lupus patients with conventional drug-
induced remission, actually have no suppressive function on CD4
T cell proliferation. The results indicate different mechanisms in
HSCT and conventional drug treatment, and understanding those
mechanisms may be helpful to search for better therapy for lupus.

As Table I shows, most posttransplant lupus patients in our study
were in remission (SLEDAI � 3), and the CD8 Treg cells from
these patients showed strong suppressive function. We have one
posttransplant lupus patient in our study (patient 5-B) with a SLEDAI
of 4, and the CD8 Treg from this patient did not show strong
suppressive function (the percent of inhibition was only 8%). In
the future, we will compare autoimmune responses and CD8 Treg
suppressive function in rare posttransplant lupus patients who have
relapsed years after transplantation. It was also reported that target
CD4�CD25� T cells from active SLE patients show low sensitivity
to the suppressive function of their autologous CD4�CD25high

CD127�/low Treg cells (35). We could not confirm this result (Fig.
4). Indeed, the posttransplant CD8 Treg cells could suppress to a
similar degree both pre- and posttransplant CD4 T target cells
proliferation, just like normal CD8 Treg cells. The mechanisms by
which transplanted stem cells can induce more functional CD8
Treg cells to grow up in SLE is unclear; it may be related to the
fact that immune ablation in HSCT eliminates autoreactive T and
B cells giving more space for homeostatic proliferation of Treg
cells (70), but this is not the case in nonlymphopenic normal sub-
jects where these Treg cells are also prevalent. In contrast to post-
transplant patients’ CD8 Treg cells, our results show that pretrans-
plant CD8 line T cells markedly augmented proliferation of
autologous CD4 target T cells in contact cultures and helped in
CD4 T cells response to histone peptide or nucleosomes (Figs. 5
and 6). Horwitz et al. (40) also reported that deleting CD8 T cells
from active lupus PBMCs can reduce the polyclonal IgG produc-
tion and that adding autologous CD8 T cells back to PBMCs can
reconstitute this Ab production, but the underlying mechanisms of
this helper activity are still not clear.

Nucleosomes and their histone peptides have been identified to
be the major immunogens that initiate cognate interactions be-
tween autoimmune Th and B cells for the production of pathogenic
antinuclear autoantibodies in lupus. Previous studies have shown
that in contrast to normal T cells, conventional drug-treated lupus
patients’ T cells responded strongly to the nucleosomal histone
peptide epitopes by producing intracellular IFN-�, irrespective of
the patient’s disease status (9). These peptides can also induce
anti-DNA autoantibodies and nephritis in lupus-prone mice on im-
munization (7, 8). Our study established here that after HSCT,
IFN-� production response of CD4� T cell in fresh PBMC to
nucleosomal autoepitopes was reduced to background levels in the
posttransplant lupus patients, whereas immunoregulatory IL-13 re-
sponse was increased, and this reduced IFN-� response rose when
CD8 T cells were deleted from the PBMCs, considerably more
than when CD4�CD25high subset was deleted. Moreover, IFN-�
response to the autoepitopes in posttransplant PBMC-CD4 T cells
was reversed to pathogenic high levels when cultured with autol-
ogous pretransplant CD8 T cells. Similarly, in an allogeneic cul-
ture combination, the IFN-� response of PBMC-CD4 T cells from
conventional drug-treated patients to nucleosomes and its peptide
epitopes was suppressed when cultured with posttransplant CD8 T
cells, but this response was increased when cultured with pretrans-
plant CD8 T cells. Overall, the observations indicate that HSCT-
induced CD8 Treg cells play very important role in restoring self-
tolerance in posttransplant lupus patients, and the mechanisms of
HSCT induced remission are different from conventional drug in-
duced remission.

T suppressor or CD8� Treg cells have been studied in other
systems, but no unique surface marker has been identified thus far
which can be used to distinguish them. Although the transcription
factor FoxP3 is critical for Treg cells, it is expressed intracellu-
larly. CD28 Ag was believed to be poorly expressed on CD8 Treg
cells; however, our results show that the percentages of CD8�
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CD28� cells are not markedly different in pre- and posttransplant
lupus patients“ fresh PBMCs and CD8 line T cells. In fact, the
percent of CD8�CD28� was �90% in both pre- and posttrans-
plant CD8 line T cells, but the former showed a helper function
and the latter showed a suppressive function. In addition, the per-
cent of FoxP3� cells in the CD8� T cell lines from posttransplant
patients as compared with pretransplant samples were significantly
increased not only in CD28� subpopulations, but also in the CD28�

subset. Therefore, CD28 may not be a suitable marker for CD8 Treg
cells of lupus. In our study, the short-term posttransplant CD8 line
T cells highly express LAP, CD103, PD-1, PD-L1, and intracel-
lular CTLA-4, as compared with pretransplant CD8 line T cells.
Moreover, CD103 expression remained at high levels in posttrans-
plant CD8 line T cells even after the cells had been rested for 9
days after TCR stimulation, whereas CD103 expression decreased
rapidly in pretransplant CD8 line T cells under the same condi-
tions, but again, those molecular markers are not always coex-
pressed with FoxP3 at the same time point. We also measured
CD27, CD56, and CD62L expression level in CD8 line T cells, but
we could not find significant differences for those in pre- and post-
transplant CD8 T cells (data not shown). To explore unique mark-
er(s) for CD8 Treg cells, further work is being done.

In conclusion, HSCT can induce immunological self-tolerance
in refractory SLE by restoring the CD8TGF-�FoxP3� regulatory
network in particular, accompanied by almost complete inhibition
of pathogenic T cell response to autoepitopes from nucleosomes.
The CD8 Treg cells generated in posttransplant lupus patients are
much more potent than CD4�CD25high Treg in suppressing lupus
autoimmunity. These CD8�FoxP3� TGF-�-producing Treg are
more relevant for controlling lupus, as shown in stem cell trans-
plant patients here and in peptide-treated murine models (11, 19,
30, 50), and they are different from cytotoxic, contact-dependent
CD8� Treg cells described in other situations, such as transplan-
tation and organ-specific autoimmune disease (20–24, 69, 71).
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