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Dysfunctional	Tregs	have	been	identified	in	individuals	with	psoriasis.	However,	their	role	in	the	pathogenesis	
of	the	disease	remains	unclear.	Here	we	explored	the	effect	of	diminished	CD18	(β2	integrin)	expression	on	the	
function	of	CD4+CD25+CD127–	Tregs	using	the	Cd18	hypomorphic	(Cd18hypo)	PL/J	mouse	model	of	psoriasis	
that	closely	resembles	the	human	disease.	We	found	that	reduced	CD18	expression	impaired	cell-cell	contact	
between	Tregs	and	DCs.	This	led	to	dysfunctional	Tregs,	which	both	failed	to	suppress	the	pathogenic	T	cells	
and	promoted	the	onset	and	severity	of	the	disease.	This	failure	was	TGF-β–dependent,	as	Tregs	derived	from	
Cd18hypo	PL/J	mice	had	diminished	TGF-β1	expression.	Adoptive	transfer	of	Tregs	expressing	wild-type	levels	of	
CD18	into	affected	Cd18hypo	PL/J	mice	resulted	in	a	substantial	improvement	of	the	psoriasiform	skin	disease,	
which	did	not	occur	upon	coinjection	of	the	cells	with	TGF-β–specific	neutralizing	antibody.	Our	data	indicate	
a	primary	dysfunction	of	Cd18hypo	Tregs,	allowing	subsequent	hyperproliferation	of	pathogenic	T	cells	in	the	
Cd18hypo	PL/J	mouse	model	of	psoriasis.	This	study	may	provide	a	step	forward	in	our	understanding	of	the	
unique	role	of	CD18	expression	levels	in	avoiding	autoimmunity.

Introduction
Psoriasis is a chronic disease affecting skin in 2%–3% of the general 
population (1). It presents with disfiguring erythematous lesions 
covered with white silvery scales and severely reduced quality of life 
(1). However, its pathogenesis is not understood in detail (2). An 
abnormal function of T lymphocytes has been proposed as a poten-
tial cause of psoriasis (3, 4). This notion is supported by many obser-
vations, including the fact that psoriasis can be induced in a SCID 
mouse xenograft model by injection of T cells (3) or develops sponta-
neously in xenotransplants from unaffected skin of psoriasis patients 
when grafted onto IFN-γ–deficient AGR mice (5). In addition, T cell 
immunosuppressants like cyclosporine, T cell depleting agents like 
denileukin (6), and antibodies either against CD4+, CD25+ T cells, or 
the α1β1 integrin, the last specifically suppressing the movement of 
pathogenic T cells from the dermis into the epidermis, lead to disease 
remission (5, 7, 8). The concept that deregulation of Tregs may play a 
role in the unrestrained generation of pathogenic T cells in psoriasis 
has recently been proposed (9). However, the causal proof is lacking. 
Despite careful execution of experiments, a confounding issue in this 
and other studies has been the reliance on Treg markers like CD25 
and Foxp3, which can not consistently distinguish between Treg 
and activated effector cell subsets (7, 10–16). Recent identification of 
CD127, the α chain of IL-7 receptor, as a unique marker, which dis-
tinctly discriminates between Treg and effector cell subsets in human 
disease (17–19) and in mice (19), provided an important lead in the 
understanding of distinct T cell subsets in autoimmunity.

Given  the  importance  of  Tregs  in  preventing  the  develop-
ment  of  autoimmune  disease,  including  psoriasis,  and  their 
therapeutic  potential,  the  molecular  mechanisms  governing 
CD4+CD25+CD127– Treg function are of great interest.

We previously reported on the Cd18 hypomorphic (Cd18hypo) PL/J  
mouse  model,  with  reduced  expression  of  the  common  chain 
of β2  integrins (CD11/CD18), which spontaneously develops a  
T cell–mediated psoriasiform skin disease in homozygous Cd18hypo 
PL/J mice (20–23). This murine psoriasis model strongly resembles 
human psoriasis clinically and histologically, in its T cell–dependent 
pathogenesis, its polygenic base, and its response to therapy (21). 
Depleting antibodies against CD4+ but not CD8+ T cells resulted in 
the complete resolution of this psoriasiform skin disease (22).

CD18 represents the common β2 chain of the β2 integrin fam-
ily, with 4 heterodimeric molecules (CD11a/CD18, CD11b/CD18, 
CD11c/CD18, and CD11d/CD18) being exclusively expressed on 
hematopoietic cells. Among several possibilities,  reduced CD18 
expression may cause a disrupted formation of the immunological 
synapse, resulting in the generation and persistence of autoreactive  
T cells (24, 25). The pathogenic role of β2 integrins in human psoriasis 
and other inflammatory skin diseases is poorly understood (26–28).

Circumstantial evidence indicating that reduced CD18 expres-
sion may causally be involved in the development of the psoriasi-
form skin disease comes from the clinical observation that some 
patients suffering from leukocyte adhesion deficiency syndrome I, 
even with moderately reduced CD18 expression levels, can develop 
a psoriasiform skin disease (28). Linkage analysis of psoriasis fami-
lies has identified a region on chromosome 17, which includes the 
ICAM-2 locus, an important ligand of the CD11/CD18 heterodi-
mers (29). In addition, polymorphisms in the CD18 gene appar-
ently predispose to autoimmune diseases (26, 27). CD18 acts as 
a costimulatory molecule in T cell activation, TCR signaling, and 
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cytotoxic removal of target cells (30–32). Reduced CD18 expres-
sion may cause disturbance in the formation of the immunologi-
cal synapse (21, 22, 25) for Treg priming and proliferation, with 
subsequent deregulated control of autoreactive T cells.

Here we explored the Cd18hypo PL/J psoriasis mouse model to 
study the effect of diminished CD18 expression on Treg function 
and the pathogenesis of psoriasiform skin disease. We found that 
reduced CD18 expression specifically impaired DC-Treg contact, 
resulting in dysfunctional Tregs, which through decreased expres-
sion of TGF-β1 failed to sufficiently suppress the proliferation 
of pathogenic T cells. This accelerates onset and severity of the 
psoriasiform skin disease. Our data indicate that the psoriasiform 
skin disease observed in Cd18hypo mice results primarily from a defi-
ciency in Treg function with subsequent diminished production 
of TGF-β1. These findings support the concept that CD18 het-
erodimeric molecules involved in physical interaction of Tregs and 
DCs are essential for proper Treg function in PL/J mice avoiding 
psoriasiform skin disease.

Results
Adoptive transfer of Cd18wt Tregs into Cd18hypo PL/J mice results in reso-
lution of the psoriasiform skin disease. Hyperactivation of pathogenic 
T cells from affected Cd18hypo mice may be due to impaired Treg 
function in vivo. Investigation of this possibility was previously 
hampered as it was shown that CD25 antibodies cannot reliably 
discriminate Tregs from activated conventional T cells (17–19). In 
fact, we found neutralizing antibodies against CD25 resulted in 
the resolution of the psoriasiform phenotype, supporting the role 
of a CD4+CD25+ pathogenic T cell subset (Supplemental Figure 1 
and Supplemental Results; supplemental material available online 

with this article; doi:10.1172/JCI34916DS1). Here we have used a 
combination of CD4, CD25, and CD127 surface markers to reli-
ably isolate Tregs from Cd18hypo mice, as CD127, the α-chain of 
the IL-7 receptor, is absent or found only at low levels on Tregs, 
whereas it is highly expressed on conventional T cells (17–19).

To investigate the function of Tregs in Cd18hypo PL/J mice with 
psoriasiform skin disease, 1 × 106 CD4+CD25+CD127– Tregs puri-
fied from the spleens of Cd18wt or Cd18hypo mice were transferred into 
syngeneic affected Cd18hypo recipients at day 0 and day 30. Notably, 
transfer of Cd18wt Tregs markedly reduced the psoriasiform pheno-
type compared with that before treatment as early as 42 days after 
transfer (Figure 1A). This was confirmed in 6 affected Cd18hypo mice 
by an adapted psoriasis activity and severity index (PASI) score. The 
adapted PASI score was 6.83 ± 2.14 before transfer of Cd18wt Tregs 
and decreased to 1.67 ± 0.82 (P = 0.0015) after 2 transfers of Cd18wt 
Tregs (Figure 1B), indicating substantial improvement of the pso-
riasiform skin disease. Notably, the transfer of Cd18hypo Tregs from 
healthy Cd18hypo PL/J mice into affected Cd18hypo PL/J mice did not 
result in any significant improvement. However, a mild salutary 
effect was observed in the adapted PASI score (Figure 1C). Interest-
ingly, intradermal injection of 0.2 × 106 Tregs purified from the 
spleens of Cd18wt mice into the lesional back skin of affected Cd18hypo 
PL/J mice resulted in a resolution of the psoriasiform skin inflam-
mation (Figure 1, D and E). In contrast, intradermal injection of 
Cd18hypo Tregs did not result in a significant improvement in all 3 
affected Cd18hypo PL/J mice (Figure 1F). These results unequivocally 
show that the Cd18hypo mutation impairs the suppressive function 
of Tregs in vivo. Additionally, these data indicate that a primary 
hyperactivation of pathogenic T cells does not precede the lack of 
suppressive function, rather Cd18hypo Tregs are impaired, resulting 
in a lack of control of pathogenic T cells.

CD4+CD25+CD127– Tregs are decreased in number in affected 
Cd18hypo PL/J mice. As impairment of Treg function may simply 
be conferred by reduction of absolute numbers, we set out to 
assess CD4+CD25+CD127– Treg counts in different organs and 
compartments. For this purpose, we first gated cells of Cd18wt or 
affected Cd18hypo PL/J mice for CD4 and CD25 expression (gated 
as in Figure 2A), and thereafter analyzed this fraction for CD127 
expression (Figure 2B).

In splenocytes, 75.3% of CD4+CD25+ cells derived from Cd18wt 
mice (Figure 2B, left panel), while only 15.6% of CD4+CD25+ cells 
derived from affected Cd18hypo mice (Figure 2B, middle panel), 
fell  within  the  CD4+CD127–  gate,  clearly  indicating  that  the 

Figure 1
Adoptive transfer of Cd18wt CD4+CD25+CD127– Tregs into affected 
Cd18hypo mice resolves the psoriasiform skin disease. (A) Represen-
tative clinical pictures of a Cd18hypo mouse with severe psoriasiform 
skin disease before (left panel) and almost complete resolution 42 
days after the first adoptive transfer with Tregs from Cd18wt mice 
(right panel). An adapted PASI score was used to assess the sever-
ity of the psoriasiform phenotype before and after adoptive transfer 
with Cd18wt Tregs (B) or Cd18hypo Tregs (C). Data are representa-
tive of 3 independent experiments. (D) An improvement of the pso-
riasiform skin disease in affected Cd18hypo mice was observed after 
intradermal injection of Cd18wt Tregs once weekly for 3 weeks. (E 
and F) The adapted PASI score of affected Cd18hypo mice treated 
with Cd18wt Tregs is significantly reduced compared with that of 
mice treated with Cd18hypo Tregs. **P < 0.01, using Student’s t test. 
Original magnification, × 1 (A and D).
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CD4+CD25+CD127– fraction of Tregs is substantially diminished 
in affected Cd18hypo mice as compared with Cd18wt mice.

Similarly, the percentage of CD4+CD25+CD127– Tregs derived 
from  affected  Cd18hypo  mice  was  substantially  diminished  in 
blood,  spleen,  and  lymph  nodes  when  compared  with  Cd18wt 
mice (Figure 2C). As there is a complete thymic involution in 
Cd18hypo mice with severe psoriasiform skin disease, the numbers 
of CD4+CD25+CD127– Tregs cannot be analyzed in these thymi. 
Furthermore, we observed that 93.6% of CD4+CD25+CD127– Tregs 
expressed Foxp3 in Cd18wt mice. In contrast, 78.6% and 74.5% of 
CD4+CD25+CD127– Tregs were Foxp3+ in healthy and affected 
Cd18hypo mice, respectively (Supplemental Figure 2, A and B).

Interestingly, while most of the CD25+ T cells within the dermis 
of affected Cd18hypo mice stained positive for CD127 (yellow overlay), 
only a small fraction was CD25+CD127–, and some cells stained neg-
ative for CD25 and positive for CD127 (Figure 2, D and E). In con-
trast, in the skin of Cd18wt mice, only a small number of T cells were 
stained, most being positive for CD25 but negative for CD127.

In addition to the substantial increase in CD25+CD127+ T cells 
in the psoriasiform skin of Cd18hypo mice, depletion of CD25+ cells 
with antibodies against CD25 resulted in significant improvement 
of the psoriasiform skin disease (Supplemental Figure 1 and Sup-
plemental Methods). These results indicate that the majority of 
CD25+ T cells are not Tregs but rather represent activated patho-

Figure 2
CD4+CD25+CD127– Tregs are decreased 
in numbers in affected Cd18hypo PL/J 
mice. Lymphocytes were firstly gated for 
CD4+CD25+ T cells derived from spleens 
of either Cd18wt or Cd18hypo affected 
mice (A) and thereafter analyzed for 
CD127 expression (B). The percentage 
of CD127+ (top corner) and CD127– (bot-
tom corner) T cells within CD4+CD25+ 
T cell gate is shown. The panel on 
the right shows isotype matched IgG 
control staining. (C) Percentage of 
CD4+CD25+CD127– T cells in thymus, 
blood, spleen, and DLNs of Cd18wt and 
affected Cd18hypo mice with psoriasiform 
skin disease (n = 6 for each genotype and 
organ). The experiment was done twice, 
the median is shown. (D) To investigate 
CD127 expression by CD25+ T cells in 
the skin of affected Cd18hypo mice, skin 
cryosections from Cd18wt and affected 
Cd18hypo mice were double stained 
with CD25–Alexa Fluor 488 (green) and 
CD127-PE (red). Cell nuclei (blue) were 
counterstained with DAPI (original mag-
nification, ×20). Red cells indicate CD25–

CD127+ T cells and green cells represent 
CD25+CD127– Tregs, while overlay (yel-
low) represents double-positive T cells.  
e, epidermis; d, dermis; h, hair follicle. 
The dotted line indicates the border 
between epidermis and dermis. (E) To 
quantify CD25+CD127+ or CD25+CD127– 
T cells in the skin of affected Cd18hypo 
and Cd18wt mice, the positively stained 
cells were counted. For all measure-
ments, the median of specifically stained 
T cells counted in 15 high-power fields 
(HPFs) is presented (n = 5). *P < 0.05, 
**P < 0.01, using Student’s t test.
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genic T cells with high CD127 expression in the lesional skin of 
affected Cd18hypo PL/J mice.

Low CD18 expression reduces the proliferative response and the sup-
pressive function of Tregs. A classical feature of Tregs is that they are 
hyporesponsive upon TCR-mediated stimulation in vitro and in 
vivo (33, 34). However, allogeneic DCs are effective APCs, caus-
ing the proliferation of Tregs in the presence of recombinant IL-2  
during the mixed leukocyte reactions (MLRs) in vitro (35), and 
moreover, self-peptides drive the peripheral expansion of Tregs in 
vivo (33, 36, 37). In order to study whether reduced CD18 expres-
sion impairs proliferation of alloantigen-specific Tregs in vitro, we 
performed MLRs with purified CD4+CD25+CD127– Tregs from 
Cd18hypo PL/J or Cd18wt (H-2u) PL/J mice together with irradiated 
bone marrow–derived allogeneic DCs from C57BL/6J (H-2b) mice 
in the absence and presence of 500 units/ml recombinant murine 
IL-2. Using CFSE, we found that in the presence of IL-2, the num-
ber of proliferative CD4+CD25+CD127– Tregs derived from Cd18hypo 
PL/J mice was markedly reduced to 51.5% (Figure 3A, right panel) 
compared with 81.9% of CD4+CD25+CD127– Tregs derived from 
Cd18wt PL/J mice (Figure 3A, left panel). As expected (35), prolifera-
tion did not occur in Cd18wt Tregs or Cd18hypo Tregs in the absence 
of either IL-2 or allogeneic DCs during MLRs (data not shown). To 
further investigate whether CD18 is required for homeostatic pro-
liferation in vivo, MACS-purified CFSE-labeled syngeneic Tregs of 
Cd18wt and Cd18hypo mice were injected intravenously into affected 

Cd18hypo recipients. Seven days after adoptive transfer, 90.3% of the 
CD4+CD25+CD127– donor Tregs from Cd18wt mice had under-
gone substantial proliferation in the skin draining lymph nodes 
(DLNs) of the Cd18hypo recipients (Figure 3B, left panel). Notably, 
only 54.8% of Cd18hypo CD4+CD25+CD127– donor Tregs (Figure 
3B, middle panel) revealed a proliferative response after adoptive 
transfer into Cd18hypo recipients. Only 8.0% of CD4+CD25+CD127– 
donor Tregs from Cd18hypo PL/J mice showed a minor prolifera-
tive response when transferred into Cd18wt PL/J recipients (Figure 
3B, right panel). These data suggest that homeostatic expansion 
of Cd18hypo Tregs in affected Cd18hypo PL/J mice is substantially 
reduced, most  likely  contributing  to  the  impaired control of 
pathogenic T cells.

To determine whether the reduced expression of CD18 on Tregs 
derived from Cd18hypo mice revealed impaired suppressive function, 
in vitro suppression assays with different ratios of either CFSE-
labeled CD4+CD25– responder T (Tresp) cells derived from Cd18hypo 
PL/J mice (Figure 3C) or from Cd18wt mice (Figure 3D) were cocul-
tured with Cd18wt PL/J Tregs or Cd18hypo PL/J Tregs. Compared with 
Cd18wt Tregs, purified CD4+CD25+CD127– Tregs from Cd18hypo  
PL/J mice showed a substantially reduced suppressive function 
independent of whether CD4+CD25– Tresp cells were derived from 
Cd18hypo (Figure 3C) or from Cd18wt (Figure 3D) mice.

Low CD18 expression disrupts cell-cell contacts between Tregs and DCs, 
resulting in reduced proliferation and impaired TGF-β1–dependent sup-
pressive function. Persistent DC-Treg contact precedes the activation 
of Tregs and is required for their suppressive function on Tresp 
cells (38, 39). As CD18 is an essential molecule for cell-cell con-
tact in a variety of inflammatory interactions (24, 40), we studied 
whether reduced CD18 expression impairs the DC-Treg contact 
and whether this is critical for the proliferation and the suppressive 
functions of alloantigen-specific Tregs. MLRs were performed with 
Tregs from Cd18wt PL/J or Cd18hypo PL/J (H-2u) mice together with 
allogeneic DCs from C57BL/6J (H-2b) mice. Diminished cell-cell 
contacts between allogeneic DCs and Cd18hypo Tregs occurred, and 
subsequently reduced cluster formation was seen when compared 
with Cd18wt Tregs (Figure 4, A and B). In addition, we used neu-
tralizing antibody against CD18 in a complementary set of experi-

Figure 3
Impaired homeostatic expansion and suppressive function of Cd18hypo 
CD4+CD25+CD127– Tregs. (A) Representative CFSE dilution profiles 
of gated CFSE+CD4+CD25+CD127– Tregs from Cd18wt (left panel) and 
Cd18hypo mice (right panel). (B) Representative CFSE dilution profile of 
gated CFSE+CD4+CD25+CD127– Tregs from skin DLNs of Cd18wt (left 
panel) and Cd18hypo (middle panel) mice 7 days after adoptive transfer 
into affected Cd18hypo recipients or of gated CFSE+CD4+CD25+CD127– 
Tregs from Cd18hypo mice 7 days after adoptive transfer into Cd18wt 
recipients (right panel). Numbers on the top left of A and B indicate the 
percentage of CFSE-labeled proliferating cells. Numbers on the top 
right of A and B indicate the percentage of undivided CFSE-labeled 
cells. To investigate in vitro suppressive function of Tregs on Tresp 
cells, CD4+CD25+CD127– Tregs were pooled from spleens of Cd18wt 
or Cd18hypo mice (4 animals for each group) and cultured with CFSE-
labeled CD4+CD25– Tresp cells derived from either affected Cd18hypo 
mice (C) or Cd18wt mice (D). A total of 1 × 105 Tresp cells were incu-
bated alone (gray bar, ratio 1:0) or with decreasing numbers of Tregs 
from Cd18wt or affected Cd18hypo mice (the ratio of Tregs/Tresp cells 
was at 1:1, 2:1, 4:1, 8:1, and 16:1). After 3 days cells were harvested 
and analyzed by flow cytometry. Representative data are shown, which 
had been reproduced in 3 independent experiments.
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ments. This neutralizing anti-CD18 mAb has earlier been shown 
to exclusively disrupt the binding of CD18 heterodimers to their 
ligands but has no known signaling effects. Notably, increasing 
concentrations of neutralizing antibodies against CD18 revealed 
a concentration-dependent decrease in cluster formation of Cd18wt 
Tregs (Supplemental Figure 3). Independent of whether cell-cell 
contact between DCs and Tregs was impaired due to decreased 
CD18 expression on Cd18hypo PL/J Tregs (Figure 4, A and B) or 

due to increasing concentrations of neutralizing antibody against 
CD18, proliferation of CFSE-labeled alloantigen-specific Tregs 
was reduced in a dose-dependent manner (Figure 4C). These data 
clearly indicate that Cd18wt levels are critical for DC-Treg contacts 
and subsequent expansion of allogenically stimulated Tregs.

Tregs exert their suppressive function on Tresp cells in part by 
TGF-β (34, 41). We studied the effect of impaired CD18 function 
with disrupted DC-Treg interactions on TGF-β1 expression by 

Figure 4
Reduced CD18 function disrupts cell-cell contacts between 
DCs and Cd18hypo Tregs from PL/J mice, which impairs 
specific allogeneic Treg expansion and activation. (A) Rep-
resentative pictures of cluster formation of allogeneic DCs 
with Tregs derived from either Cd18wt mice or Cd18hypo mice 
are shown. Original magnification, ×40. (B) Cluster formation 
between allogeneic DCs and Tregs of different genotypes 
from Cd18wt mice and Cd18hypo mice was assessed by count-
ing aggregated clusters/HPF in 100 randomly selected HPFs. 
Cluster formation with allogeneic DCs was substantially 
reduced for Tregs derived from Cd18hypo mice compared with 
Tregs from Cd18wt control mice. **P = 0.0029, using Student’s 
t test. (C) Increased neutralizing mAb against CD18 resulted 
in decreased proliferative response of specific allogeneic 
Tregs in MLRs. Numbers on the top left of C and F indicate 
the percentage of CFSE-labeled proliferating cells. Numbers 
on the top right of C and F indicate the percentage of undi-
vided CFSE-labeled cells. (D) Increased TGF-β1 expression 
by Cd18wt Tregs was observed in MLRs. Neutralizing mAb 
against CD18 in MLRs resulted in a dramatic decrease in 
TGF-β1 expression compared with isotype-matched control 
antibody. Gray region, TGF-β1 expression; white region, nor-
mal goat IgG control for TGF-β1 staining. Numbers on the top 
of D indicate the percentage of CFSE-labeled proliferating 
cells. CD4+CD25+CD127– Tregs were purified from 4 pooled 
spleens of Cd18wt PL/J mice and cocultured with irradiated 
allogeneic DCs in the presence of 500 units/ml recombinant 
murine IL-2 and various concentrations of anti-CD18 mAb 
(E), or anti-mouse CD11a mAb (F), or isotype-matched IgG 
for 7 days. Tregs were then separated from allogeneic DCs 
by CD11c MACS beads, extensively washed 3 times with 
PBS, and mixed at a ratio of 1:4 with Cd18wt Tresp cells. 
After 3 days of culture, cells were harvested and analyzed by 
flow cytometry. One representative experiment out of 3 or 4 
independent experiments is shown.
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CD4+CD25+CD127– Tregs. Using cocultures of Tregs with allo-
geneic DCs in MLRs, we found that TGF-β1 expression by Tregs 
derived from Cd18hypo PL/J mice was severely decreased to 17.8% 
(Figure 4D, second panel from left) compared with a higher TGF-β1  
expression of 77.8% in Tregs from Cd18wt PL/J mice (Figure 4D, 
left panel). Interestingly, neutralizing antibody against CD18 dra-
matically decreased TGF-β1 expression by Cd18wt Tregs in MLRs 
to 19.4% (Figure 4D, right panel) compared with 71.2% TGF-β1 
expression of Cd18wt Tregs when treated with isotype-matched 
control antibody (Figure 4D, third panel from left).

To further confirm that CD18 is mandatory for the education of 
Tregs and their suppressive function during their physical interac-
tion with DCs, we studied the suppressive function of Cd18wt Tregs 
after coculture with allogeneic DCs on Tresp cells. This experimen-
tal design allowed us to specifically address the role of CD18 in 
DC-dependent education of Tregs. For this purpose, Tregs were 
cocultured with allogeneic DCs in presence of various concentra-
tions of neutralizing antibody against CD18 or isotype-matched 
IgG for 7 days. Thereafter, specific allogeneic Tregs were separated 
from allogeneic DCs, washed 3 times with PBS, and mixed at a 
ratio of 1:4 with Cd18wt Tresp cells. Cd18wt Tregs derived from the 
coculture in presence of anti-CD18 revealed a dose-dependent 
reduction of suppressor function on Tresp cells compared with 
Cd18wt Tregs derived from the coculture in presence of isotype-
matched IgG (Figure 4E). Importantly, Cd18wt Tregs also demon-
strated a dose-dependent reduction in their suppressor function 
on Tresp cells in the same experimental setting in the presence 

of anti-CD11a blocking antibody (Figure 4F). Furthermore, in 
line with a previous report (42), anti–TGF-β mAb (clone 1D11) 
reversed suppressor function of Cd18wt Tregs expanded by alloge-
neic DCs (Supplemental Figure 4). These data show that wild-type 
CD18 expression levels and function are mandatory for effective 
DC-Treg interaction and subsequent antigen-specific education 
for their TGF-β1–mediated suppressive function.

To our knowledge this is the first report that identifies CD18 as 
a critical molecule for the formation of DC-Treg contacts, which is 
crucial for homeostatic proliferation and TGF-β1–dependent sup-
pressive Treg function.

Reduced expression of TGF-β1 by Cd18hypo Tregs contributes to the devel-
opment of psoriasiform skin disease in vivo. To confirm that a lack of 
TGF-β1, due to decreased CD18 expression on Tregs, is causal for 
the psoriasiform skin disease in vivo, we performed the following 
set of experiments. First, using immunohistology and FACS analy-
sis, we did not observe any TGF-β1 expression by CD25+ T cells 
in the skin and DLNs (Figure 5, A and B) derived from Cd18hypo 
mice with psoriasiform skin disease. Second, after adoptive trans-
fer  of  MACS-sorted  CD4+CD25+CD127–  Tregs  derived  from 
Cd18wt into affected Cd18hypo mice with severe psoriasiform phe-
notype, strong TGF-β1 expression of the adoptively transferred 
Cd18wt Tregs in the skin and in the skin DLN (yellow overlay) was 
observed (Figure 5, C and D). Third, we transferred CFSE-labeled 
CD4+CD25+CD127– Tregs purified from either Cd18wt or Cd18hypo 
mice into affected Cd18hypo mice. TGF-β1 production was analyzed 
4 days after the injection of Tregs. Similar to our in vitro observa-

Figure 5
TGF-β1 is causal for the suppressive function of Cd18wt Tregs in vivo. 
(A) Cryosections from affected Cd18hypo mice were double stained with 
CD25-FITC and TGF-β1–Cy3 mAbs. Original magnification, ×20. (B) 
FACS analysis of pooled DLNs from affected Cd18hypo mice using TGF-β1  
and CD25 mAbs. (C and D) Seven days after adoptive transfer of 
MACS-sorted Cd18wt Tregs into affected Cd18hypo mice, skin sections 
were stained with antibody against TGF-β1 and CD18. The overlay 
(yellow) of CD18-positive Cd18wt Tregs (green) and TGF-β1–express-
ing cells (red) indicate that most of the Cd18wt Tregs express TGF-β1 
in the skin (C) and skin DLNs (D) after transfer into Cd18hypo mice. The 
dotted line indicates the border between epidermis and dermis. Three 
independent experiments were performed in total. (E) A total of 1 × 106 
Tregs from either Cd18wt or Cd18hypo mice were labeled with CFSE and 
adoptively transferred into affected Cd18hypo mice. At day 4 after adop-
tive Tregs transfer, FACS analysis was performed to measure TGF-β1  
expression of CFSE-labeled Cd18wt Tregs (left panel) or Cd18hypo 
Tregs (right panel) from skin DLNs of affected recipients. Gray region, 
TGF-β1 expression; white region, normal goat IgG control for TGF-β1  
staining. Numbers on the top of B and E indicate the percentage of 
CFSE-labeled proliferating cells. (F) Following adaptive transfer of  
1 × 106 Cd18wt Tregs, 250-μg TGF-β1–neutralizing mAb (left panel) 
or isotype control IgG (right panel) were injected intraperitoneally into 
affected Cd18hypo recipients. Repetitive injection of TGF-β neutralizing 
antibody or isotype control IgG after adoptive transfer of Cd18wt Tregs 
was performed till the end of treatment (21 days). Original magnifica-
tion, ×40 (C and D). **P = 0.002, using Student’s t test.
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tion, 75.6% of Cd18wt Tregs produced TGF-β1 after adoptive trans-
fer into affected Cd18hypo mice (Figure 5E, left panel). In contrast, 
only 11.7% of Cd18hypo Tregs expressed TGF-β1 in affected Cd18hypo 
mice (Figure 5E, right panel). Freshly isolated CD4+CD25+CD127– 
Tregs from naive Cd18wt mice express minimal TGF-β1 (data not 
shown). These data demonstrate that CD18 at wild-type levels is 
required for the induction of Tregs to express TGF-β1 in vivo. Fur-
thermore, these data show that Cd18wt Tregs are able to migrate 
into the diseased skin to suppress pathogenic T cells, resulting in 
an almost complete resolution of the disease (Figure 1, A and B).  
In order  to show that TGF-β1 expression of Tregs  is causally 
involved in the suppression of pathogenic Tresp cells and the 
resolution of the psoriasiform skin disease, Tregs from Cd18wt 
mice were adoptively transferred into affected Cd18hypo mice. On 
subsequent intraperitoneal injection of 250-μg neutralizing mAb 
against TGF-β (1D11) or isotype IgG control antibody, we found 
that adoptively transferred Tregs of Cd18wt mice in the presence 
of neutralizing mAb against TGF-β were no longer able to resolve 
the psoriasiform skin disease as assessed by the adapted PASI score 
(Figure 5F, left panel). In contrast, as expected for adoptive trans-
fer of Cd18wt Tregs into affected Cd18hypo mice, injection of isotype 
control IgG mAb still resulted in a significant improvement of the 
psoriasiform skin disease (P = 0.002) (Figure 5F, right panel).

In order to exclude for the possibility that the persistence of the 
psoriasiform skin disease upon combined treatment of adoptive 
transfer of Cd18wt Tregs and administration of mAb against TGF-β  
into affected Cd18hypo PL/J mice  is simply due to apoptosis or 
reduced proliferation of the Tregs, we undertook a set of experi-
ments. These control experiments strongly support the view that 
the persistence of the psoriasiform skin disease after adoptive 
transfer of Cd18wt Tregs into Cd18hypo affected mice in the presence 
of neutralizing anti–TGF-β mAb is not due to apoptosis of Tregs 
but is most likely due to the abrogation of their TGF-β–mediated 
suppressor function on Tresp cells (Supplemental Figure 5).

Discussion
The balance between regulatory and effector functions is important 
for maintaining efficient immune responses while avoiding auto-
immunity. The inflammatory skin disease psoriasis is sustained 
by ongoing activation of pathogenic cells with as of yet unresolved 
mechanisms. Using the Cd18hypo murine psoriasis model, we found 
that reduced CD18 expression on CD4+CD25+CD127– Tregs is 
responsible for physical disruption of their cell-cell contact with 
DCs, with subsequent dysfunction of Tregs that fail to suppress 
pathogenic T cells and the psoriasiform skin disease in PL/J mice. 
This failure of the suppressive capacity of Tregs on pathogenic  
T cells  is due to their diminished TGF-β1 expression. To our 
knowledge this is the first study on Treg function in a spontane-
ously occurring T cell–mediated murine model for psoriasis. The 
newly identified cell surface marker of the IL-7 receptor (CD127) 
was used as a unique tool for the reliable discrimination and puri-
fication of Treg and T effector cell subsets in this model.

The conclusion that Treg dysfunction plays a role in this pso-
riasis model is supported by the finding that Cd18wt Tregs, when 
adoptively transferred into affected Cd18hypo PL/J mice, led to the 
resolution of the psoriasiform skin phenotype. In the case of pri-
mary hyperactivation of pathogenic T cells being responsible, we 
would have expected the psoriasiform skin disease to have persisted  
after Cd18wt Treg transfer. Additionally, upon adoptive transfer of 
Tresp cells derived from affected Cd18hypo mice into Cd18wt mice, 

the psoriasiform skin phenotype did not develop (data not shown), 
which again means that primary hyperactivation of pathogenic  
T cells is not central. Finally, criss-cross experiments studying the 
suppressive capacity of Tregs of Cd18hypo and Cd18wt PL/J geno-
types on defined Tresp cells unequivocally demonstrated that the 
reduced CD18 expression on Tregs derived from PL/J Cd18hypo mice 
is distinctly responsible for their impaired suppressive capacity.

Similar to previous reports on type 1 diabetes mellitus (10), multi-
ple sclerosis (11), and rheumatoid arthritis (12), we did not observe 
any decrease in CD4+CD25+Foxp3+ Tregs in the murine Cd18hypo PL/J  
psoriasis model (data not shown). The identification of CD127 
as reliable marker for Tregs facilitates an accurate definition of 
the Treg subset (17–19). We found that CD4+CD25+CD127– Tregs 
were decreased in affected Cd18hypo PL/J mice. Interestingly, Cd18wt 
Tregs revealed higher Foxp3 levels compared with Cd18hypo Tregs 
(Supplemental Figure 2, A and B), suggesting CD18 expression 
at wild-type levels may be essential for proper activation of Tregs. 
We did not find any significant difference in Foxp3 expression 
in Tregs derived from healthy Cd18hypo mice and affected Cd18hypo 
mice  (78.6% versus 74.5%)  (Supplemental Figure 2, A and B).  
However, in contrast to healthy Cd18hypo mice, a significant decrease 
in numbers of CD4+CD25+CD127– Tregs was observed in affected 
Cd18hypo mice (Supplemental Figure 2C). The observed small, bene-
ficial effect on the modified PASI score after the transfer of 1 × 106 
Cd18hypo Tregs into affected Cd18hypo mice (Figure 1C) may be due 
to the increase in Cd18hypo Treg numbers, which is not sufficient to 
resolve psoriasiform skin disease.

We show here that reduced CD18 expression levels critically impair 
the physical cell-cell interaction and signaling in Tregs. In fact, in vitro 
and in vivo expansion and/or activation of CFSE-labeled Cd18hypo PL/J  
Tregs in MLRs, as well as their suppressive function, was severely 
reduced. Consistent with previous results (43), homeostatic expan-
sion and instruction for the suppressor function of Tregs depends on 
the cell-cell contact between DCs and Tregs (38, 39, 44).

Notably, the proliferation and suppressive function of Cd18wt 
Tregs can be abrogated by addition of anti-CD18 neutralizing 
mAb in vitro. These findings indicate a causal role of diminished 
CD18 expression in the disruption of DC-Treg contacts, with sub-
sequent deficiency in Treg activation and suppressor function.

The physical contact between DCs and Tregs is essential, as 
observed in different experimental settings. Important adhesion/
signaling molecules for these contacts are CD28/B7 as well as 
CD80 and CD86. Blocking of either the CD28/B7 or the CD80/
CD86 pathway resulted in rapid loss of Tregs in vivo and subse-
quent loss of critical immune regulation (45–47). However, neither 
the CD28/B7 nor the CD80/CD86 molecules can compensate for 
the reduced CD18 expression on the Cd18hypo Tregs derived from 
PL/J mice. Hence, we have identified CD18 as an essential adhesion 
molecule in the formation of physical DC-Treg contacts, which if 
not expressed at appropriate concentrations on the cell surface of 
Tregs is responsible for the development of the psoriasiform skin 
disease. Low CD18 expression on Tregs from Cd18hypo PL/J mice 
may impair TCR activation, eventually leading to reduced prolif-
eration, activation, and suppressor function of Tregs. In fact, injec-
tion of antibodies against CD3 into affected Cd18hypo mice, which 
is known to modulate the TCR activation, could fully restore Treg 
proliferation and their suppressor function, leading to a fast and 
persisting remission of the psoriasiform skin disease (our unpub-
lished data). Notably, the presence of anti-CD11a antibodies in 
MLRs of allogeneic DCs and Tregs resulted in severely hampered 
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suppressive function of Tregs, identical to the results in a Cd18hypo 
Treg and DC setting. These data may at  least  in part help  to 
explain the pustular eruption that occurs occasionally in psoriasis 
patients under anti-CD11a antibody (efalizumab; Raptiva) treat-
ment (48). Accordingly, when the efalizumab concentrations are 
decreased during treatment of psoriasis patients, activated patho-
genic T cells, which have accumulated to excessive numbers in the 
circulation under saturating efalizumab concentrations, may rush 
into the skin and receive further activation by DCs. However, the 
suppressive function of Tregs is insufficient, resulting in a dra-
matic overactivation of pathogenic T cells in the skin and an acute 
pustular eruption. Even though the Cd18hypo PL/J model provides 
some mechanistic insight into how the acute pustular dermatitis 
in efalizumab-treated patients may develop, this pustular derma-
titis is different from psoriasiform dermatitis in the Cd18hypo PL/J 
mouse model. Due to residual CD18 expression, extravasation 
of pathogenic T cells continuously occurs in the Cd18hypo mouse 
model. This is in line with the clinical and histological picture, 
which reflects a slowly developing chronic stationary plaque psori-
asis in the Cd18hypo mouse model (21, 22) and not an acute pustular 
dermatitis as seen in the efalizumab-induced pustular dermatitis.

Our findings clearly show that reduction in CD18 expression 
differentially affects different immune synapses. While the DC-
Tresp cell synapse does not need CD18 at wild-type expression 
levels, wild-type CD18 expression levels are absolutely mandatary 
for the TCR activation in DC-Treg synapse.

Interestingly, Sakaguchi and coworkers (49) reported a mouse 
strain that spontaneously develops a T cell–dependent inflamma-
tory joint disease resembling human rheumatoid arthritis. Adop-
tive transfer of CD4+ T cells from this mouse strain bearing a point 
mutation in a gene encoding ZAP-70, a key signal-transducing 
molecule of TCR activation, could transfer the disease state in a 
variety of different mouse strains (49). In addition, 3 mutations 
involved in changes to the immune synapse function are linked to 
the development of autoreactive T cells (50).

Psoriasis may be improved by Tregs, IL-4 (51), or IL-10 (52). We 
could exclude a role for IL-10– and IL-4–dependent suppression of 
the psoriasiform inflammation (data not shown). In contrast, here 
we show a major role for the CD18-dependent suppressive func-
tion of Tregs via TGF-β1 in the resolution of the psoriasiform skin 
disease. The contribution of TGF-β1 to the suppressor function of 
Tregs in different models is still controversial. For example, TGF-β1 
plays a nonredundant role in the control of intestinal inflamma-
tion and diabetes (53, 54), with these models being induced by TCR 
crosslinking with intravenously injected or orally administrated 
anti-CD3 antibodies (54, 55). However, TGF-β1 does not play a role 
in gastritis (41). A proportion of previously identified CD4+CD25+  
T cell subsets express TGF-β1 on their surface, which has been 
implicated in their suppressor function in vitro (42, 56). In addition, 
a transient pulse of TGF-β1 in the pancreatic islets in an inducible 
transgenic mouse model is sufficient to inhibit diabetes onset, by 
promoting the regulatory T cell pool (57). In line with a pivotal role 
for TGF-β1 in immunosuppression is a multiorgan inflammatory 
disease that develops in TGF-β1–deficient mice (58, 59).

Our proposal that a decrease in the TGF-β–mediated suppres-
sive function of Tregs results from diminished CD18 expression 
levels and impaired DC-Treg interactions in PL/J mice is sup-
ported by several lines of evidence in this study. First, antibody 
directed against CD18 decreased cluster formation between DCs 
and Tregs, with subsequent diminished expansion/activation and 

TGF-β1 expression of Cd18wt Tregs when cultured with allogeneic 
DCs. Second, a major prerequisite for in vivo suppression of Tresp 
cells is an identical homing and migration pattern of Tregs and 
Tresp cells (39). As antigenic stimulation and its potential suppres-
sion begins in the antigen DLNs and thereafter is continued in the 
target organs (39), we studied the expression of TGF-β1 on Tregs 
derived from both Cd18wt and Cd18hypo mice after adoptive transfer 
into affected Cd18hypo mice. TGF-β1 production was minimal by 
Cd18hypo Tregs in severely affected Cd18hypo recipients, whereas a large 
amount of TGF-β1 was found for Cd18wt Tregs transferred into 
affected Cd18hypo PL/J mice. Notably, adoptive transfer of Cd18wt 
Tregs into affected Cd18hypo PL/J mice revealed a clear TGF-β1  
staining on Cd18wt Tregs in the skin and skin DLNs of Cd18hypo 
recipients with a substantial improvement of the psoriasiform 
skin disease. Third, the resolution of psoriasiform skin disease in 
the identical setting of adoptively transferred Cd18wt Tregs into 
affected Cd18hypo mice could be abolished by intraperitoneal injec-
tion of neutralizing mAb to TGF-β (55).

We have excluded the possibility that neutralizing TGF-β func-
tion resulted in enhanced Treg apoptosis, as TGF-β1 has been sug-
gested to sustain Treg proliferation in other experimental models 
(60). Sequential skin biopsies derived from the above mentioned 
experiments did not reveal any significant difference in Treg num-
bers in affected Cd18hypo mice after adoptive transfer of Cd18wt 
Tregs in the presence or absence of neutralizing anti–TGF-β mAb 
(Supplemental Figure 5). Also, FACS analysis using mAb against 
annexin V, a marker for apoptosis, did not show any increase in 
apoptotic Tregs in skin DLNs (Supplemental Figure 5).

Collectively, our results indicate that CD18 at wild-type expres-
sion levels leads to effective DC-Treg contacts for the induction 
of sufficient TGF-β1 expression by Tregs, while decreased CD18 
expression promotes the psoriasiform skin disease in the Cd18hypo 
PL/J mouse model.

Our results led us to suggest a sequence of pathogenic events in 
the development of the psoriasiform skin disease where a decrease 
in CD18 expression impairs DC-Treg interaction, with diminished 
suppressive function and subsequent hyperactivation of effector  
T cells (21, 22). These activated pathogenic effector T cells contrib-
ute to the recruitment and activation of macrophages that subse-
quently overproduce the proinflammatory cytokine TNF-α, lead-
ing to the overall amplification of the inflammatory process and 
thus the psoriasiform skin disease (23). In fact, preliminary data 
from psoriasis patients suggest that CD4+CD25+CD127– Tregs 
reveal a decrease in their suppressive function compared with 
matched healthy controls (data not shown).

It remains to be further studied whether polymorphisms or 
mutations contributing to immune synapse and/or TCR activa-
tion in DC-Treg contacts may be responsible for the observed lack 
of suppression of autoimmune diseases in humans.

In conclusion, our data identified what we believe to be a previ-
ously unrecognized role for reduced CD18 expression on Tregs in a 
murine model of psoriasis, and thus hints at a central role for CD18 
in TCR signaling in Tregs, which if defective may contribute to auto-
immunity in general. This study highlights the critical role of CD18 
in the function of Tregs that controls development of the psoriasi-
form skin disease and possibly other autoimmune diseases.

Methods
Mice. PL/J mice with a hypomorphic mutation of the CD18 gene (Cd18hypo) 
were genotyped by Southern analysis (20). CD18+/+ littermates (Cd18wt) 
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resulting from heterozygote crosses served as wild-type controls. Affected 
Cd18hypo PL/J mice with a strong psoriasiform phenotype were used. All 
mice were kept under specific pathogen-free conditions. All procedures 
were done in accordance with the guidelines for animal experimentation 
approved by the Regierungsprasidium, Tubingen, Germany.

Assessment of the psoriasiform skin disease. To evaluate the severity of the 
psoriasiform phenotype, an adapted PASI score (22) was used for affected 
Cd18hypo mice before and after adoptive transfer of CD4+CD25+CD127– 
Tregs into affected Cd18hypo mice. For Cd18hypo mice, the PASI score was 
modified accordingly: 0, no symptoms; 1, slight erythema of the ears; 2, 
strong erythema of the ears; 3, slight hair loss on the head; 4, extensive hair 
loss, including the trunk; 5, slight hair loss, isolated scaling; 6, extensive 
hair loss, isolated scaling; 7, extensive hair loss, widespread slight scaling; 8, 
moderate scaling of a large area of the body; 9, widespread hair loss, strong 
scaling of a few smaller areas; 10, extensive hair loss, extensive scaling of a 
large area of the body.

FACS analysis. The following mAbs were used for  flow cytometry: 
FITC-conjugated rat anti-mouse CD25 (clone 7D4; BD Biosciences 
— Pharmingen), APC- conjugated or PerCP-conjugated rat anti-mouse 
CD4 (clone RM4-5; BD Biosciences — Pharmingen), PE-conjugated rat 
anti-mouse CD25 (clone PC61; eBioscience), PE-conjugated or APC-
conjugated rat anti-mouse CD127 (clone A7R34; eBioscience), and 
biotinylated anti-human LAP (TGF-β1) (clone BAF246; R&D Systems). 
Cells isolated from thymus, blood, spleen, and skin DLNs of Cd18wt and 
Cd18hypo mice were processed for FACS analysis as previously described 
(23). To monitor Foxp3, cells were first stained for surface markers 
with anti-CD4, anti-CD25, and/or anti-CD127 mAbs (BD Biosciences  
—  Pharmingen).  After  fixation  and  permeabilization,  intracellular 
Foxp3 was measured using PE anti-mouse/rat Foxp3 Staining Set (eBio-
science) according to the manufacturer’s protocols. To detect TGF-β1 
expression on mouse Tregs, cultured Tregs with allogenic DCs were 
stained with anti-human LAP mAb, which was previously used to mea-
sure mouse TGF-β1 production by FACS analysis (61). TGF-β1 staining 
was performed for FACS analysis as previously described (62). In some 
experiments anti-human LAP was also employed to stain for TGF-β1 
in CFSE-labeled Cd18wt Tregs that had been adoptively transferred into 
affected Cd18hypo mice 4 days before immunostaining (61). Isotype IgG 
were used as controls for all experiments.

Cell isolation. CD4+CD25+CD127– Tregs were isolated from spleen of 
Cd18wt and Cd18hypo PL/J mice using the CD4+CD25+ Regulatory T Cell Iso-
lation kit (Miltenyi Biotec) for in vivo injections and in vitro experiments. 
For CD4+CD25+CD127– Treg isolation from Cd18wt mice, the manufactur-
er’s protocol was used without any modification. For CD4+CD25+CD127– 
Treg isolation from Cd18hypo mice, we used a modified protocol in which 
CD127-PE (eBioscience) and GR-1-PE (Miltenyi Biotec) mAbs were added 
to negatively deplete CD127+ and GR-1+ cells using LD columns. There-
after, CD25-PE mAb (Miltenyi Biotec) was used for a positive selection of 
CD4+CD25+CD127– Tregs. The MACS-sorted CD4+CD25+CD127– Treg 
population was more than 94% pure as determined by FACS. For in vitro 
suppression assays, we purified CD4+CD25– Tresp cells from Cd18wt or 
Cd18hypo mice with MACS beads (Miltenyi Biotec). The purity of CD4+CD25– 
Tresp cells was more than 94%.

Suppression assays. CD4+CD25+CD127– Tregs and CD4+CD25– Tresp cells 
were both purified from the spleen of Cd18wt or Cd18hypo mice using MACS 
beads. In some experiments, purified Cd18wt Tregs were cocultured with 
allogeneic DCs in the presence of various concentrations of neutralizing 
antibody against CD18 or neutralizing antibody against CD11a (clone 
M17/4; BD Biosciences — Pharmingen) or isotype-matched IgG, with or 
without 500 units/ml recombinant murine IL-2 for 7 days. Thereafter, 
Tregs were separated from allogeneic DCs using CD11c microbeads (Mil-

tenyi Biotec), extensively washed 3 times with PBS, and mixed at a ratio of 
1:4 with Cd18wt Tresp cells. Tresp cells were labeled in complete medium 
with 2-μM CFSE for 8 minutes at 37°C in the dark and then washed 3 times 
with PBS. Tregs of Cd18wt and Cd18hypo PL/J mice were assessed for their 
ability to suppress proliferation by coculture with CFSE-labeled Tresp cells 
(1 × 105 cells/well) derived from either Cd18wt or affected Cd18hypo PL/J mice 
at different ratios. Tregs and Tresp cells were cocultured in the presence of 
plate-bound anti-CD3 (clone 145-2C11; BD Biosciences — Pharmingen) 
and soluble anti-CD28 (clone 37.51; BD Biosciences — Pharmingen) mAbs 
or in presence of 1 μg/ml soluble anti-CD3 and 1 × 105 T cell–depleted 
splenocytes (irradiated at 30 Gy) at 37°C and 5% CO2 for 3 days. In the 
indicated experiments, neutralizing antibodies against TGF-β1 (clone 
1D11) were added to the Tregs and Tresp cells coculture. Dilution of CFSE 
labeling of Tresp cells was assessed as a measure of Tresp cell proliferation 
as previously described (63).

Mixed lymphocyte reaction. To detect antigen-induced activation of Tregs 
by allogeneic irradiated DCs (irradiated with 30 Gy) of C57BL/6J mice, 
MACS-sorted CD4+CD25+CD127– Tregs derived from Cd18wt and Cd18hypo 
T cells were labeled with CFSE and cocultured in U-bottom 96-well plates 
(NUNC) with DCs in the presence of 500 units/ml recombinant murine IL-2  
(Cell Concepts) for 7 days (35). Cells were then stained with CD4, CD25, 
and anti-human LAP (TGF-β1) mAbs and analyzed by FACS. DCs were 
prepared as previously described (23).

Adoptive transfer. A total of 1 × 106 MACS-sorted CD4+CD25+CD127– 
Tregs from Cd18wt or Cd18hypo mice were transferred intravenously into 
affected Cd18hypo PL/J mice on both day 0 and day 30, with a total obser-
vation period of 42 days after the first injection. In a different set of 
experiments, 0.2 × 106 Cd18wt Tregs in 200 μl 1× PBS or 0.2 × 106 Cd18hypo 
Tregs in 200 μl 1× PBS (control) were injected intradermally at 4 sites 
(50 μl/site) into lesional skin on the back and/or neck of each mouse. 
Intradermal injections of Tregs were done once every week for a period of 
21 days. Disease severity was determined by assessment of the clinical pic-
ture using an adapted PASI score as previously described (22). To detect 
TGF-β1 in Tregs derived from Cd18wt PL/J mice after adoptive transfer 
into affected Cd18hypo PL/J mice, 1 × 106 Cd18wt Tregs were injected intra-
venously into affected Cd18hypo mice, and the recipients were sacrificed 4 
or 7 days after transfer for FACS analysis or immunostaining of TGF-β1. 
As antibody directed against CD18 only detects CD18 wild-type expres-
sion but not Cd18hypo expression levels in skin sections, adoptively trans-
ferred Cd18wt Tregs and concomitant TGF-β1 expression can be reliably 
identified by double staining with anti-CD18 (green fluorescence) and 
anti-mature TGF-β1 (red fluorescence) (MBL International Corp.), which 
results in yellow overlay. Two hundred and fifty micrograms of TGF-β 
neutralizing mAb (clone 1D11; BioExpress) or isotype control IgG was 
injected intraperitoneally into recipient mice 1 day after a transfer of  
1 × 106 Cd18wt Tregs for 3 consecutive days. Subsequently, injections were 
performed every 3 days for a period of total 21 days.

Immunohistochemical analysis. Immunostaining of sections from skin 
or skin DLNs was performed using a previously described protocol (23). 
Frozen cryosections of skin or DLNs were fixed in ice-cold acetone for 10 
minutes before staining. To specifically show TGF-β1 expression of trans-
ferred Cd18wt Tregs in affected Cd18hypo PL/J mice, we used Alexa Fluor 
488–conjugated CD18 mAb (clone GAME-46; BD Biosciences — Pharmin-
gen) that was specific for the identification of Cd18wt Tregs, as low expres-
sion of CD18 on Cd18hypo T cells cannot be detected by immunostaining 
with this antibody. This allowed us to specifically trace transferred Cd18wt 
Tregs. We stained for TGF-β1 expression by Cd18wt Tregs with polyclonal 
anti-mature TGF-β1 Ab (MBL International Corp.) conjugated with Alexa 
Fluor 555. DAPI (Sigma-Aldrich) was used to stain nuclei. All antibodies 
were diluted in antibody diluent (catalog no. S3022; Dako) according to 
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manufacturer’s protocols. Immunostainings were analyzed with a fluores-
cence microscope (Axioskop 2 plus; Zeiss).

Statistics. Quantitative results are presented as mean ± SD. Mean values 
were tested by a 2-tailed Student’s t test. P values of less than 0.05 were 
considered statistically significant.
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