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It	is	well	established	that	allergy	development	can	be	prevented	by	repeated	low-dose	exposure	to	contact	aller-
gens.	Exactly	which	immune	mechanisms	are	responsible	for	this	so-called	low	zone	tolerance	(LZT)	is	not	clear,	
although	CD8+	suppressor	T	cells	are	known	to	have	a	role.	Here,	we	show	that	TNF	released	by	tolerogenic	
CD11+CD8+	DCs	located	in	skin-draining	lymph	nodes	is	required	and	sufficient	for	development	of	tolerance	
to	contact	allergens	in	mice.	DC-derived	TNF	protected	mice	from	contact	allergy	by	inducing	apoptosis	in	aller-
gen-specific	effector	CD8+	T	cells	via	TNF	receptor	2	but	did	not	contribute	to	the	generation	and	function	of	the	
regulatory	T	cells	associated	with	LZT.	The	TNF-mediated	killing	mechanism	was	induced	in	an	allergen-specific	
manner.	Activation	of	tolerogenic	DCs	by	LZT	CD8+	suppressor	T	cells	and	enhanced	TNF	receptor	2	expression	
on	contact	allergen–specific	CD8+	effector	T	cells	were	required	for	LZT.	Our	findings	may	explain	how	tolerance	
protects	from	allergic	diseases,	which	could	allow	for	the	development	of	new	strategies	for	allergy	prevention.

Introduction
Although everyone is exposed to a multitude of potent contact aller-
gens, contact allergies affect only about 10% of the population (1). It is 
widely held that tolerance induction by repeated low-dose exposure, i.e., 
low-zone tolerance (LZT), is the main protective mechanism in those 
who do not develop allergies (refs. 2–4 and Supplemental Figure 1,  
A and B; supplemental material available online with this article; 
doi:10.1172/JCI45963DS1). Conversely, failure to establish LZT, e.g., 
because of high-dose exposure during the first contact with an aller-
gen, is thought to result in the development of contact allergy. LZT is 
maintained by CD8+ suppressor T cells, which develop in response to 
IL-10 released by regulatory CD4+ T cells during the induction phase 
of LZT (refs. 5, 6, and Supplemental Figure 1, A and B). However, the 
precise molecular and cellular pathways of LZT remain unidentified. 
Consequently, the induction of LZT cannot be used (yet) to prevent 
contact allergies such as allergic contact dermatitis (ACD), the most 
common occupational disease in the US and Europe.

TNF  is  a  pleiotropic  cytokine  that  regulates  various  cellu-
lar responses including growth, differentiation, inflammation, 
immune regulation, and apoptosis (7–10). In addition, TNF exhib-
its immunosuppressive effects and may be involved in the control 
of autoimmune diseases (7, 10). The effects of TNF are mediated 
by 2 distinct receptors, TNF receptor 1 (TNFR1 or p55) and TNF 
receptor 2 (TNFR2 or p75) (7–9). They are coexpressed in most 
tissues and cell types including T cells, but through the activation 
of different signaling cascades, they can mediate distinct cellular 
immune reactions including apoptosis. Here, we sought to deter-
mine the role of TNF in tolerance (LZT) to allergens. We focused 
on immune responses during the effector phase of LZT, which are 
critical for the inhibition of allergen-specific, IFN-γ–producing 
effector CD8+ T cells of contact hypersensitivity (CHS), the classi-
cal mouse model for human ACD (1, 11).

Results
TNF and p75 signaling are required for tolerance to contact allergens. 
Allergen-restimulated lymph node cells from mice subjected to 
LZT (details for LZT protocol; Supplemental Figure 1, A and B) 
showed markedly increased production of TNF (Figure 1A), a 
cytokine known to exert immunosuppressive effects and to be 
involved in the control of autoimmune diseases via p55 (TNFR1) 
and p75 (TNFR2) (7–9). Thus, we assessed the relevance of TNF 
in LZT using TNF-deficient (Tnf–/–) mice as well as TNF receptor-
deficient mice (p55–/–, p75–/–, p55–/–p75–/–; Figure 1, B–E).

Notably, Tnf–/–, p55–/–p75–/–, and p75–/– mice failed to develop 
LZT as demonstrated by normal, i.e., not inhibited, CHS reactions 
in vivo, whereas p55–/– animals showed normal LZT (Figure 1, B 
and C). Tnf–/–, p55–/–p75–/–, and p75–/– mice, but not p55–/– mice, also 
failed to exhibit reduced IFN-γ and IL-2 release and reduced CD8+ 
T cell proliferation upon allergen restimulation, 2 hallmark fea-
tures of LZT (Figure 1, D and E, and refs. 2–6). This indicates that 
TNF and its receptor p75 are critical for the development of LZT.

TNF and p75 are critical for the effector phase of LZT, but do not con-
tribute to the generation of regulatory T cells during LZT induction. TNF 
is known to affect T cell development and proliferation, and it is 
involved in the modulation of regulatory T cell functions (7, 10, 12). 
Thus, we speculated that TNF affects the induction phase of LZT, 
i.e., the generation of IL-10–producing regulatory CD4+ T cells in 
LZT. However, experiments performed with mice deficient for TNF 
or TNF receptors revealed normal numbers of IL-10–producing 
CD4+ regulatory T cells after tolerization (Supplemental Figure 2),  
which excluded TNF as a major inducer of regulatory CD4+ T cells 
in LZT and as a critical signal in the induction of LZT.

We then hypothesized that TNF is essential during the effector 
phase of LZT. To test this, we adoptively transferred CD8+ T cells 
obtained from tolerized Tnf–/– or WT mice to naive WT mice. We 
found that transfer of Tnf–/– CD8+ T cells resulted in robust LZT 
responses, as demonstrated by inhibited CHS responses (Figure 2A),  
reduced hapten-specific T cell proliferation (Figure 2B), and skew-
ing to a LZT cytokine profile (diminished Tc1 cytokine secretion 
[IFN-γ, IL-2]) (Figure 2C). In contrast, the adoptive transfer of 
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CD8+ T cells from tolerized WT mice to Tnf–/– mice did not result 
in LZT in these recipient mice (Figure 2, D and F). These results 
indicate that TNF is essential during the effector phase of LZT 
(inhibition of CHS) but not during the induction of LZT. These 
results also show that LZT suppressor CD8+ T cells are not the 
critical source of TNF themselves, but that they require the pres-
ence of TNF to elicit LZT.

In mice, the deficiency for TNF or TNF receptors interferes with 
the formation of B cell follicles, follicular DC networks, and ger-
minal centers in secondary lymphoid organs (13, 14). We therefore 
performed anti-TNF antibody studies, which showed that neutral-
ization of TNF during the effector phase of LZT but not during 
the induction phase of LZT significantly inhibited the develop-
ment of LZT (Supplemental Figure 3, A and B). These findings 
exclude that abnormalities of lymphatic tissues in TNF or TNF 
receptor–deficient mice are critical for the inhibition of LZT, thus 

confirming our data on the importance of TNF obtained in TNF 
and TNF receptor–deficient mice.

Next, we sought to clarify the role of p75 in LZT. We hypoth-
esized that TNF controls the function of LZT suppressor CD8+ T 
cells via p75. To test this hypothesis, we obtained CD8+ T cells from 
tolerized p75–/– or WT mice and injected them into WT or p75–/– 
animals (Figure 3, A–F). Notably, p75–/– LZT suppressor CD8+ T 
cells induced normal LZT in naive WT mice, but WT LZT sup-
pressor CD8+ T cells did not induce LZT in p75–/– mice (Figure 3,  
A–F). This indicates that p75 is not required for the development 
of LZT suppressor CD8+ T cells, whereas it is critical for their LZT-
promoting effects during the effector phase of LZT.

p75-expressing CHS effector CD8+ T cells are targets of LZT-promoting TNF. 
What is the p75-expressing target cell population of TNF during the 
effector phase of LZT? We hypothesized that this could be the effec-
tor T cells of CHS, and we injected tolerized p75–/– mice with T cells, 

Figure �
TNF and p75 are required for LZT. (A) Release of TNF 24, 48, and 72 hours after hapten-specific restimulation of lymph node cells obtained from 
tolerized (TNCB 4.5 μg), sensitized, and challenged mice versus mock-tolerized (solvent), sensitized, and challenged mice (n = 6 per group per 
experiment, data shown are pooled from 5 experiments). (B–E) Efficacy of LZT as quantified by assessing CHS-induced ear swelling and CD8+ T 
cell cytokine pattern and proliferation after restimulation. Data represent CHS-induced relative (B) and absolute (C) changes in ear thickness, (D) 
IFN-γ and IL-2 production of CD8+ T cells (detected by ELISA), and (E) T cell proliferation (in cpm, incorporation of [3H]thymidine) after hapten-
specific restimulation in vitro. B–E show 1 of 3 independent experiments (5–6 mice per group), which all yielded similar results. Data are shown 
as mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001.
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including CHS effector T cells, derived from sensitized WT or p75–/– 
animals. We found that LZT was only induced after transfer of WT T 
cells, but not p75–/– T cells, suggesting that CHS effector T cells need 
to express p75 for LZT to work (Supplemental Figure 4, A and B). We 
then performed adoptive transfer experiments with either CD4+ or 
CD8+ T cells from sensitized WT mice to specifically assess the impor-
tance of p75 expressed by CHS effector CD8+ T cells. We found that 
p75 expression by CHS effector CD8+ T cells is essential and sufficient 
for LZT, i.e., the prevention of CHS, both in vivo (inhibition of the 
allergic skin inflammation; Figure 4A) and in vitro (reduction of T cell 
proliferation and specific cytokine pattern; Figure 4, B and C). Taken 
together, these results indicate that TNF brings on LZT by acting on 
p75 expressed by allergen-specific CHS effector CD8+ T cells.

CHS effector CD8+ T cells exhibit enhanced expression of p75, which 
increases their susceptibility to TNF-mediated apoptosis in LZT. Why are 
CHS effector CD8+ T cells preferential targets of TNF? Flow cytom-
etry analyses revealed that the percentage of p75-positive CD8+ T 
cells is significantly increased in hapten-sensitized mice as com-
pared with solvent-treated mice (Figure 5A). To characterize the 

effect of LZT on p75+ CD8 T cell populations, tolerized (LZT) or 
solvent-treated (mock-tolerized) Thy1.1+ mice were reconstituted 
with T cells isolated from sensitized Thy1.2+ mice. This approach 
allowed us to assess p75 expression in CHS effector CD8+ T cells 
and in LZT suppressor CD8+ T cells in the same animal. Impor-
tantly, in these experiments during the effector phase of tolerance, 
p75+ allergen–specific CHS effector CD8+ T cells (Thy1.2+), but not 
recipient CD8+ T cells (Thy1.1+), were significantly reduced in LZT 
mice as compared with mock-tolerized CHS animals (Figure 5B). 
These results suggest that CHS effector CD8+ T cell numbers are 
controlled by LZT via p75, possibly by the induction of apoptosis.

LZT is associated with increased TNF/p75-induced apoptosis in CHS effector 
CD8+ T cells. How exactly do TNF and p75 cause LZT? We addressed 
this question by first asking whether LZT requires the soluble and/or 
the membrane form of TNF (15–18). Membrane-bound TNF report-
edly exhibits a higher avidity to p75 and is superior in activating the 
p75 receptor as compared with p55 (8, 16). We found that memTNF 
mice, which only express membrane-bound TNF (19), develop nor-
mal LZT (reduced ear swelling and typical LZT T cell responses), 

Figure �
TNF is critical during the effector phase of LZT. Efficacy of LZT as assessed by measuring inhibition of CHS responses (A and D), T cell prolifera-
tion (B and E), and cytokine patterns (C and F) after restimulation using WT mice, Tnf–/–, and WT mice injected with lymph node–derived CD8+ 
T cells from tolerized (white bars and white symbols) or mock-tolerized (solvent-treated; black bars and black symbols) WT mice (WT→WT) or 
from Tnf–/– mice (Tnf–/–→WT), and Tnf–/– mice injected with lymph node–derived CD8+ T cells from tolerized or mock-tolerized (solvent-treated) 
WT mice (WT→Tnf–/–) that were subsequently subjected to sensitization and challenge with TNCB (CHS). 1 of 3 independent experiments with 
similar results is shown (5–6 mice per group and per experiment). Data are shown as mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001.
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which indicates that membrane-bound TNF is sufficient for LZT 
development (Supplemental Figure 5, A and B).

To explore the molecular mechanism(s) that underlie TNF-medi-
ated LZT, we assessed T cells from tolerized mice for various TNF-
driven responses including apoptosis (7, 20–22). Interestingly, we 
found that LZT is associated with a marked increase in apopto-
sis in allergen-specific lymph node CD8+ T cells (Figure 6, A–D). 
Notably, this increase of apoptotic CD8+ T cells was not observed 
in tolerized mice deficient for TNF (Figure 6, A and B) or p75 (Fig-
ure 6, C and D), which led us to speculate that LZT requires TNF 
to induce apoptosis in CHS effector CD8+ T cells via p75.

To formally prove this hypothesis, we again used C57BL/6 mouse 
strains that express 2 different congenic surface markers (i.e., Thy1.1+ 
mice and Thy1.2+ mice). We tolerized Thy1.1+ mice and then injected 
them with Thy1.2+ CD8+ T cells obtained from sensitized animals. 
This approach allowed us to assess LZT suppressor CD8+ T cells 
(Thy1.1+) and CHS effector CD8+ T cells (Thy1.2+) at the same time 

in the same animal. As shown in Figure 6E, LZT resulted in the pro-
nounced apoptosis of Thy1.2+ CD8+ T cells, i.e., CHS effector T cells. 
Mock-tolerized (solvent-treated) CHS mice did not show increased 
apoptosis of Thy1.2+ CHS effector CD8+ T cells. These findings show 
that LZT specifically increases apoptosis in CHS effector T cells.

In order to test the hapten specificity of T cell apoptosis in LZT, 
we tolerized Thy1.1+ mice with 1 hapten, i.e., TNCB, and then 
injected them with Thy1.2+ CD8+ T cells obtained from animals 
sensitized with a second, unrelated hapten (DNFB) (Figure 6F). In 
this experiment, we did not observe an increased rate of apoptotic 
CHS effector CD8+ T cells, and we did not see an inhibition of 
allergic responses, which demonstrates that LZT is hapten-specific 
and that apoptosis of CHS effector CD8+ T cells is induced in an 
antigen-specific manner (Figure 6F).

TNF produced by CD8+CD11c+ killer DCs is critical for LZT. Finally, 
we sought to identify the cellular source of LZT-promoting TNF. 
In former experiments, we found that B cells and macrophages are 

Figure �
p75-mediated signaling is mandatory during the effector phase of LZT. Efficacy of LZT as assessed by measuring inhibition of CHS responses 
(A and D), T cell proliferation (B and E), and cytokine patterns (C and F) after restimulation using tolerized (white bars and white symbols) or 
mock-tolerized (solvent-treated; black bars and black symbols) WT mice or p75-deficient mice (p75–/–), WT mice injected with lymph node–
derived CD8+ T cells from tolerized or solvent-treated WT mice (WT→WT) or from p75–/– mice (p75–/–→WT), and p75–/– mice injected with lymph 
node–derived CD8+ T cells from tolerized or solvent-treated WT mice (WT→p75–/–) that were subsequently subjected to sensitization and chal-
lenge with TNCB to induce CHS. 1 of 3 independent experiments with similar results is shown (5–6 mice per group and per experiment). Data 
are shown as mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001.
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not required for LZT (ref. 4 and unpublished observations). CHS 
responses can reportedly also be mediated by NK cells, as demon-
strated in various T and B cell–deficient transgenic mouse strains 
(23, 24). To test whether NK cells are relevant for LZT, which is 
traditionally held to be T cell-dependent (2, 5), we assessed LZT 
responses in NK-depleted WT mice. In the absence of NK cells, 
WT animals developed normal LZT, but exhibited impaired CHS 
responses, as previously described, thus excluding a critical role for 
NK cells in LZT (Supplemental Figure 6, A and B, and ref. 23).

Next, we excluded CD4+ cells as a major source of TNF in LZT 
by showing that the adoptive transfer of CD8+ TNF+ cells, but 
not CD4+ TNF+ cells, and subsequent tolerization results in LZT 
in Tnf–/– animals (Figure 7A). TNF is produced by many differ-
ent CD8+ cell types (7, 25). Therefore, we performed intracellular 

cytokine staining of CD8+ T cells and CD8+CD11c+ DCs derived 
from tolerized or control mice. These analyses revealed that both 
lymph node–derived CD8+ T cells and CD8+ DCs express TNF 
ex vivo and after in vitro restimulation with the relevant hapten 
(Figure 7B). Notably, the percentage of TNF+ CD8+CD11c+ DCs 
was higher than that of TNF+CD8+ T cells (Figure 7B), suggesting 
that CD8+CD11c+ DCs are the relevant source of TNF in LZT. The 
percentage of TNF+ CD8+CD11c+ DCs was enhanced during the 
effector phase of LZT but not in mock-tolerized (solvent-treated) 
mice (Figure 7C), excluding a constitutive expression of TNF and 
demonstrating a hapten-specific induction of TNF production.

To directly compare the relevance of TNF+ CD8+ T cells and TNF+ 
DCs (CD8+CD11c+), we tolerized Tnf–/– mice and then adoptively 
transferred them with highly purified (>99.9%) and viable (85%–95%)  

Figure �
p75-expressing CD8+ effector T 
cells of CHS are targets of TNF 
during LZT. LZT responses mea-
sured by assessing CHS respons-
es (A), T cell proliferation (B), and 
cytokine release following restim-
ulation (C) after challenge in toler-
ized (white bars) or mock-tolerized 
(solvent-treated; black bars) WT 
mice and p75–/– mice that were 
then sensitized and challenged, 
and in tolerized or solvent-treated 
p75–/– mice transferred with CD4+ 
or CD8+ T cells obtained from sen-
sitized WT mice and subsequently 
challenged. 1 of 3 independent 
experiments with similar results 
is shown (5–6 mice per group and 
per experiment). Data are shown 
as mean ± SD. ***P < 0.001.
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CD8+ T cells or CD8+CD11c+ (NK1.1–, TCR αβ–) DCs obtained from 
skin-draining lymph nodes of naive WT animals (phenotype of 
CD8+CD11c+ in Supplemental Figure 7A). As shown in Figure 8, A 
and B, the i.v. transfer of CD8+ DCs, but not of CD8+ T cells, resulted 
in normal LZT responses in these mice (significantly reduced skin 
inflammation and prevention of CHS typical Tc1 T cell activation). 
Notably, reconstitution of Tnf–/– mice with CD8+ DCs obtained 
from Tnf–/– or with CD8–CD11c+ WT DCs failed to induce LZT (Fig-
ure 8, C–F), proving that CD8+CD11c+ DCs located in skin-draining 
lymph nodes are the critical source of TNF in LZT.

This  conclusion  is  supported  by  5  independent  lines  of  cir-
cumstantial  evidence:  (a)  studies  of  the  migration  capacity  of 
CD8+CD11c+ DCs used for reconstitution experiments showed that 
these cells preferentially migrate to skin-draining lymph nodes dur-
ing LZT (Supplemental Figure 7B); (b) the injection of CD8+CD11c+ 
DCs obtained from memTNF mice, which lack the soluble form of 
TNF, adoptively transferred normal LZT, suggesting that tight DC–
T cell interactions in lymph node–related T cell areas are involved in 
DC-induced apoptosis of CHS CD8+ effector T cells (Figure 8, G and 
H); (c) analyses of the phenotype of TNF-producing CD8+CD11c+ 
DCs revealed a significantly impaired expression of costimulatory 
molecules including CD80 and GITR ligand (data not shown) — fea-
tures typical for tolerogenic DCs; (d) LZT suppressor CD8+ T cells 
induced TNF expression in CD8+CD11c+ killer DCs (Supplemen-
tal Figure 8); and (e) finally, in vitro coculture experiments using 
CD8+CD11c+ DCs and CD8+ T cells showed that DCs obtained from 
LZT mice induce a significantly higher percentage of apoptosis in 
CD8+ CHS effector T cells as compared with control DCs (Figure 9).  
Taken together, these findings support a critical role for killer 
CD8+CD11c+ DCs during the effector phase of LZT.

Discussion
Here, we demonstrate that TNF is essential for LZT to contact aller-
gens. CD8+CD11c+ killer DCs, activated by LZT suppressor CD8+ T 

cells, induce TNF-driven apoptosis in hapten-specific CHS effector 
CD8+ T cells via p75, thereby preventing the development of allergic 
skin inflammation. The specificity of the target, CHS effector CD8+ 
T cells, can be explained by their high levels of p75 expression and, 
therefore, increased susceptibility to TNF-mediated apoptosis.

Both TNF receptors (p55 and p75) bind intracellular adaptor 
proteins that link receptor stimulation to the activation of many 
signaling processes and cellular responses including apoptosis 
(18, 20, 26). Unlike p55, p75 lacks a cytoplasmic death domain. 
However, it has been reported that p75 also plays an important 
role in the regulation of apoptosis-mediated cell death (22, 27–32),  
which is in line with the results obtained in our study demonstrat-
ing that TNF-induced apoptosis of CHS effector CD8+ T cells via 
p75 signaling is critical for LZT to allergens. Thus, our findings 
confirm and extend earlier reports on p75 and its role in CD8+ T 
cell apoptosis (20, 22, 33).

TNF is not only known to induce apoptosis in T cells but can 
also modulate T cell development and proliferation (18, 34, 35). 
Our studies fail to show that TNF is critical for the development 
and function of CD8+ suppressor T cells in LZT. A similar obser-
vation was made by Erickson and coworkers, who reported a 
decreased sensitivity to TNF, but normal T cell development, in 
p75-deficient mice (36). Our results also do not reveal altered func-
tions of CD4+ regulatory IL-10–producing T cells in the absence of 
p75-mediated signaling during LZT, which is in line with earlier 
work showing normal suppressive effects on T cell proliferation 
of regulatory CD4+CD25+ T cells from p75-deficient mice (37). In 
contrast, other studies demonstrate that TNF induces a reduction 
or, in long term culture, an enhancement of number and function 
of naturally occurring CD4+CD25+ regulatory T cells (12, 38–42).

TNF  is known to play an  important proinflammatory and 
immuno-activating role in ACD and its murine counterpart CHS 
(1, 43). TNF-, p75-, and p55-deficient mice all show reduced CHS 
responses due to impaired APC activation and migration during 

Figure �
CHS effector CD8+ T cells exhibit enhanced expression of p75, which increases their susceptibility to TNF-mediated apoptosis in LZT. (A) Percent-
age of p75+CD8+ T cells in sensitized (black bar) and solvent-treated (gray bar) mice as assessed by flow cytometry (pooled data of 6 independent 
experiments). (B) Percentage of p75+CD8+ T cells in tolerized (white bars) and mock-tolerized (solvent-treated; black bars) Thy1.1+ recipient mice 
(5 per group) that were adoptively transferred with T cells isolated from sensitized Thy1.2+ mice and then challenged to induce CHS. Gates were 
set on recipients’ Thy1.1+ cells or Thy1.2+ T cells (derived from the sensitized donor mice). Pooled data from 4 independent experiments (left 
panel) and data from 1 representative experiment (right panel) are shown. Data are shown as mean ± SD. *P < 0.05; **P < 0.01.



research article

	 The	Journal	of	Clinical	Investigation      http://www.jci.org  �



research article

�	 The	Journal	of	Clinical	Investigation      http://www.jci.org

the induction phase and a diminished recruitment of inflam-
matory immune cells to the skin during the elicitation phase 
(13, 44–47). Our data suggest that in allergen-specific immune 
responses, TNF may act both as an activator (resulting in CHS) 

and a suppressor of the immune system (resulting in tolerance to 
allergens), depending on the form of TNF involved (transmem-
brane vs. soluble), the receptor (p55 vs. p75) engaged, and the 
immune cell population targeted.

Figure �
LZT is associated with increased TNF/p75-induced apoptosis in CHS effector CD8+ T cells. (A–D) Apoptosis in lymph node cells obtained 24 
hours after challenge from tolerized and sensitized Tnf–/– and corresponding WT mice (A and B) and from p75–/– and corresponding WT mice (C 
and D). CD8+ T cell apoptosis was detected by flow cytometry (annexin V staining, pooled cells obtained from 5–6 animals). 1 of 4 experiments 
with similar results (A and C) and pooled data of 4 experiments (B and D) are shown. (E and F) Percentages of apoptotic Thy1.2+ CD8+ T cells 
as assessed by flow cytometry (annexin V+/CD8+) in lymph node cells obtained after challenge with TNCB from TNCB-tolerized or mock-toler-
ized Thy1.1+ mice that were then reconstituted with T cells isolated from TNCB-sensitized Thy1.2+ mice (E) or in lymph node cells obtained after 
challenge with DNFB from TNCB-tolerized or mock-tolerized Thy1.1+ mice that had been reconstituted with T cells isolated from DNFB-sensitized 
Thy1.2+ mice (F). For analyses, gate was set on Thy1.2+ T cells (derived from the sensitized donor mice). 1 of 3 independent experiments with 
similar results is shown. 5 per group per experiment were used. Data are shown as mean ± SD. *P < 0.05; **P < 0.01.

Figure �
CD8+ DCs are the critical source for TNF in LZT. (A) LZT assessed by measuring CHS responses after challenge in tolerized (white bars) or 
mock-tolerized (solvent-treated; black bars) WT mice and Tnf–/– mice that were then sensitized, and in tolerized or solvent-treated WT mice 
or Tnf–/– mice that were first injected with CD4+ or CD8+ lymph node cells from naive WT mice and then sensitized. 1 of 3 independent experi-
ments with similar results is shown (5–6 mice per group and per experiment). (B) Percentage of TNF-positive CD8+ T cells and TNF-positive 
CD8+CD11c+ DCs obtained from tolerized, sensitized, and challenged WT mice as assessed by flow cytometry (staining for intracellular TNF) 
before and after restimulation with TNBS in vitro 24 hours after challenge (during the effector phase of LZT). Pooled data of 3 to 5 independent 
experiments with similar results (5 mice per group per experiment) (upper panel) and from 1 representative experiment (lower panels) are shown. 
(C) Percentage of TNF-positive CD8+CD11c+ DCs obtained before challenge (during the LZT induction phase) or after challenge (during the LZT 
effector phase) from tolerized mice that had been sensitized and challenged or mock-tolerized (solvent-treated) animals. Cells were analyzed by 
intracellular FACS staining for TNF before or after restimulation with TNBS. Pooled data of 3 to 5 independent experiments with similar results 
(5 mice per group per experiment) are demonstrated. Data are shown as mean ± SD. *P < 0.05; **P < 0.01.
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DCs comprise multiple subsets and exhibit crucial functions as 
activators and regulators of immune processes including tolerance 
induction (48, 49). Although the underlying mechanisms have not 
been fully elucidated, it is widely held that DCs exert their tolero-
genic effects by suppressing T cell responses, e.g., via the release of 
immunosuppressive mediators and/or the expression of coinhibi-
tory molecules that induce anergy or the development of regulato-
ry T cells (48, 49). Recently, some murine and human DC popula-
tions have been shown to have cytotoxic effects on tumor cells and 
T cells (50–53). As of yet, these killer DCs remain ill characterized 
in terms of the molecular mechanism of their cytotoxic effects; 
moreover, they share some properties of NK cells (52). Target cell 
killing by TNF/p75-dependent induction of apoptosis may be a 
killer DC mechanism not exclusive to LZT.

Recent studies have demonstrated that NK cells can contribute 
importantly to adaptive immunity including CHS (23, 24, 54). In 
LZT, NK cells are dispensable for tolerance development.

Our study shows,  for what we believe  is  the  first  time,  that 
TNF-mediated T cell killing by tolerogenic DCs is required and 
sufficient for the suppression of allergic inflammation by LZT. 
CD8+CD11c+ DCs generated in vivo by uptake of low doses of 
allergens and by activation of regulatory T cells are critical for CHS 
effector CD8+ T cell apoptosis, thereby preventing the develop-
ment of allergic skin inflammation. Such killer DCs, which deliver 
signals of death rather than of activation or modulation to T cells, 
may be exploited therapeutically for depleting antigen-specific T 
cells and, thereby preventing allergic immune responses. Efforts to 
generate tolerogenic DCs in the laboratory have already met with 
some success (48, 49, 55, 56). Now that we have identified the kill-
ing protocol of tolerogenic DCs, we can develop novel and more 
effective forms of tolerance-enhancing therapies that are designed 
to reduce the frequency of antigen-specific pathogenic T cells and 
provide disease control in allergies or autoimmunity.

Methods
Mice. Tnf–/–, TNF double receptor–deficient (p55–/–p75–/–), TNFR1-deficient 
(p55–/–), TNFR2-deficient (p75–/–), Rag1–/–, CD45.1, Thy1.1, and C57BL/6 
WT littermate control mice originally purchased from Charles River and 
transgenic memTNF (provided by B. Ryffel, INSERM, Orléans, France) 
(all mice on C57BL/6 background) were bred in the animal facility of the 
Department of Dermatology of the University Medical Center of Mainz. 

Mice were used between 8 and 12 weeks of age. All animal studies were 
approved by the Animal Care Committee of Rhineland-Palatinate and 
performed in accordance with current federal and institutional guidelines 
(University Medical Center Mainz).

Reagents and antibodies. Picryl chloride (TNCB; 2,4,6-trinitro-1-chloro-
benzene; VeZerf Laborsynthesen), picryl sulfonic acid (TNBS; 2,4,6-trini-
tro-benzenesulfonic acid), and DNFB (1-fluoro-2,4-dinitrobenzene) (both 
Sigma-Aldrich) were used. Antibodies against CD4 (L3T4), CD8 (Ly-2), and 
Thy1.2 (53-2.1) used were purchased from BD Pharmingen; CD80, CD86, 
MHC class II, CD273, CD274, CD275, CD276, TNFR2, GITR, B7H4, 
CD95, CD103, and IgG2a (eBR2s) were purchased from eBioscience.

Tolerance induction. Experimental groups of knockout and WT mice were 
painted 10 times every other day with tolerizing doses of 0.45 or 4.5 μg TNCB 
or in some experiments with 0.01% DNFB dissolved in 15 μl acetone/olive oil 
(AOO; v/v 3:1) or AOO alone as a control onto shaved areas of the body (see Sup-
plemental Figure 1A). At day 20, mice were sensitized by epicutaneous appli-
cation of 450 μg TNCB or 1% DNFB in 15 μl AOO (Supplemental Figure 1A).  
Challenge was performed by painting 45 μg TNCB or 0.1% DNFB onto the 
dorsal side of the right ear at day 25, and increase of ear thickness was mea-
sured after 24 hours using an engineers’ micrometer (Oditest) (Supplemental 
Figure 1A). 5–7 mice per group were included. Results are expressed as mean 
values in units of mm × 10–2 or percentage of control ± SD.

Preparation of lymph node cells, enriched T cells, and DCs for cell culture and 
adoptive transfer. Auricular, cervical, and inguinal lymph nodes were taken 

Figure �
CD8+CD11c+ DC–derived TNF is essential for LZT. LZT responses 
measured by assessing inhibition of CHS-associated ear swelling 
(A, C, E, and G) and T cell proliferation (B, D, F, and H) in toler-
ized and sensitized (white bars and white symbols) or mock-tolerized 
and sensitized (solvent-treated; black bars and symbols) WT mice 
and Tnf–/– mice, in Tnf–/– mice that were first adoptively transferred 
with highly purified (>99.9%) CD8+CD11c– T cells or CD8+CD11c+ 
DCs isolated from naive WT mice and then sensitized (A and B), in 
Tnf–/– mice that were first adoptively transferred with highly purified 
CD8+CD11c+ DCs isolated from naive Tnf–/– or WT mice and then 
sensitized (C and D), in Tnf–/– mice that were first adoptively trans-
ferred with highly purified CD8-negative CD11c+ DCs isolated from 
naive WT animals and then sensitized (E and F), or in Tnf–/– mice 
that were first adoptively transferred with highly purified CD8+CD11c+ 
DCs isolated from naive memTnf–/– mice and then sensitized (G and 
H). 1 of 2 independent experiments with similar results is shown (5–6 
mice per group and per experiment). Data are shown as mean ± SD. 
*P < 0.05; **P < 0.01; ***P < 0.001.

Figure �
CD8+CD11c+ DCs induce apoptosis in CD8+ CHS effector T cells. 
Percentage of apoptosis (annexin V+/7-AAD+) in CD8+ CHS effector T 
cells (TC CHS, obtained from sensitized and challenged Thy1.2+ mice, 
middle panel) and CD8+ T cells from mock-sensitized and -challenged 
Thy1.2+ mice (TC control, lower panel) cocultured at a ratio of 10:1 with 
CD8+CD11c+ DCs obtained from tolerized Thy1.1+ mice (DC LZT) or 
mock-tolerized (solvent-treated) Thy1.1+ mice (DC control). Gate was 
set on CD8+Thy1.2+ T cells (upper panel). Representative results from 
3 independent experiments with 3 mice (for T cell isolation) and 12 
mice (for DC isolation) per group and per experiment are shown.
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24 hours after challenge, 48 hours after the application of the last toleriza-
tion or of untreated animals, and passed through a sterile 70-μm nylon 
cell strainer. For cell culture, lymph node cells were resuspended in RPMI 
1640 Complete (BioWhittaker) supplemented with 2% heat-inactivated 
syngeneic normal mouse serum at a concentration of 106 cells/200 μl. T 
cells and DCs were purified (T cells > 95% purity, DCs > 85% purity, viabil-
ity 85%–95%, using anti–Thy-1.2– [CD90.2], anti–Thy-1.1– [CD90.1], anti-
CD5–, anti-CD8–, anti-CD4–, and CD11c-coated MACS beads [MACS sys-
tem; Miltenyi Biotec GmbH]). For isolation of CD11+DCs or CD11c+CD8+ 
DCs, lymph nodes were incubated with collagenase type IV and DNase I 
(both CellSystems) prior to DC purification with MACS beads. T cells or 
CD4+/ CD8+ T cell populations were finally resuspended in RPMI 1640 
Complete (1 × 105 cells/100 μl) and stimulated with 1 × 106 (in 100 μl) 
haptenized and irradiated (30 Gy) spleen cells (SCs) (highest T cells [TC]:
SC ratio: 1:10); titration experiments (1:2) of the SCs were performed.

Haptenization of lymph node cells and SCs. Lymph node cells or SCs (107 
cells/ml) were incubated in 10 mM TNBS in HBSS for 10 minutes at 37°C, 
subsequently washed 3 times in RPMI 1640 Complete, and resuspended in 
medium supplemented with 2% syngeneic normal mouse serum.

Proliferation assay. After 24 hours of culture, cells were pulsed with 1 μCi 
[3H]thymidine (Amersham Biosciences) for 18 hours. Incorporated radio-
activity was determined using a liquid scintillation counter (1205 Betaplate; 
LKB Wallac). Results are expressed as mean cpm of triplicate wells ± SD.

Adoptive transfer of T cells, CD8+ T cells, and CD4+ T cells. Tnf–/–, p75–/–, or WT 
donor mice were treated with 4.5 μg TNCB or AOO alone. After application 
of the last tolerizing dose or AOO, animals were killed and lymph nodes 
were taken. Enriched T cells, CD4+ T cells, and CD8+ T cells were prepared as 
described and injected i.v. into untreated WT, Tnf–/–, or p75–/– recipients (one 
single injection of 2–3 × 107 cells/100 μl PBS). Subsequently, sensitization 
and challenge were performed as described above. In some experiments, 
tolerized WT and p75–/– mice were injected with CD4+ and CD8+ T cells 
obtained from sensitized WT animals that were challenged 24 hours later.

Reconstitution of Tnf–/– mice with WT CD8+CD11c+ DCs or CD8+CD11c– T cells. 
The capacity of CD11+CD8+ DCs to migrate to lymphatic tissues and sev-
eral organs after i.v. transfer has been demonstrated in many studies (53). 
Tnf–/– mice were painted 10 times with 4.5 μg TNCB or AOO. Two days 
after the last application, Tnf–/– mice were reconstituted with i.v. injection of 
CD8+CD11c– T cells (Thy1.2+) (1.5–2 × 106) or CD8+CD11+ DCs (1.5–2 × 104)  
obtained from naive WT or memTNF donors (by cell sorting using a FACS sort-
er, FACStage SE, BD Biosciences, purity of T cells > 99.9%, viability 85%–95%,  
and anti-CD8 mAb, anti-CD11c mAb, BD Biosciences, anti-Thy1.2 mAb, 
eBioscience). DCs were Thy1.2, NK1.1, and TCR negative (anti-NK1.1 mAb, 
eBioscience; anti-TCR-αβ chain mAb, Serotec), excluding contamination 
with T cells. Purified CD8–CD11c+ DCs served as controls. For isolation of 
CD11c+CD8+ DCs, lymph nodes were incubated with collagenase type IV 
and DNase I (both from CellSystems) prior to DC purification with MACS 
beads. Subsequently, reconstituted or control Tnf–/– mice were sensitized and 
the challenge reaction was performed according to our standard protocol.

Neutralization of TNF by anti-TNF mAb in vivo. Mice were i.p. treated with a 
rat anti-mouse TNF mAb (IgG2a, clone V1q, 100 μg/200 μl, provided by B. 
Echtenacher, University of Regensburg, Regensburg, Germany) every third 
day during the phase of tolerization or during tolerization, sensitization, and 
challenge. The ability of this antibody to inhibit murine TNF-mediated bio-
logic activity and persistence in mice was described previously (44). To avoid 
problems due to anti-rat antibody production, tolerance induction was per-
formed twice per day for 3 days, followed by sensitization and challenge.

NK depletion in vivo. WT were treated i.v. with antibodies to asialo-GM1 or 
rabbit IgG (25 μl at days –1 and 3; both from WAKO Pure Chemical Indus-
tries) or injected i.p. with anti-NK1.1 mAb or IgG2a isotype control (25 μg 
per mice at day –1; both from eBioscience) during tolerization, or with a 

single application 24 hours before allergen challenge as described (23). NK 
cell depletion and recovery were controlled by flow cytometry in SCs and 
lymph node cells. After depletion during tolerance induction, sensitization 
and challenge were performed after repopulation of NK cells to avoid an 
effect on CHS induction.

Cytokine ELISAs. Cytokine ELISAs for TNF, IL-2, IFN-γ, and IL-10 were 
performed according to the manufacturer’s instructions (IFN-γ from 
R&D systems; all others from BD Biosciences — Pharmingen) using cul-
ture supernatants.

Intracellular TNF staining. Intracellular cytokine staining of lymph node cells 
and DCs was performed using the Cytofix/CytoPerm Plus Kit (BD Bioscienc-
es) according to the manufacturer’s instructions. Antibodies for detection of 
TNF (BD Biosciences) were used. CD8+ lymph node cells, CD8+ Thy1.2+ T cells, 
and CD8+CD11c+Thy1.2– DCs were analyzed for intracellular TNF expression 
2 days after the last application of a tolerizing dose (induction phase of LZT) 
and 24 hours after challenge (effector phase of LZT) and analyzed ex vivo and 
24 hours after hapten-specific restimulation for cytokine expression.

For in vitro experiments, CD8+ T cells obtained from LZT or solvent-
treated control animals (1 × 105) were cocultured with CD8+CD11c+ 
DCs (1 × 104) purified from LZT or solvent-treated control mice or 
vice versa. Cells were haptenized or left untreated and analyzed by flow 
cytometry. Gate was set on CD8+ cells, and subsequently, percentage of 
TNF+CD11c+ DCs was analyzed.

In vivo migration of CD8+CD11c+ DCs. CD8+CD11c+ DCs were obtained from 
CD45.1 WT mice as described and injected into tolerized or solvent-treated 
control Tnf–/– CD45.2 mice (2 × 104/per mouse). Subsequently, recipients 
were sensitized. 24 hours after challenge, skin-draining lymph node cells were 
obtained and analyzed for CD45.1 CD8+CD11c+ DCs by flow cytometry.

ELISpot for IL-10 secretion. The ELISpot assay was performed according 
to the manufacturer’s protocol (BD Biosciences — Pharmingen) and as 
described (5).

Detection of apoptotic T cells. Lymph node cells of WT, Tnf–/–, and p75–/– 
mice were obtained 24 hours after challenge. At 0 and 24 hours, cells were 
stained with anti-CD8 mAb and annexin V. Dead cells were excluded by 
propidium iodide (PI) staining, and T cells were gated prior to analyses. In 
adoptive transfer experiments, lymph node cells were analyzed using anti-
CD8 mAb (BD Biosciences), anti–Thy-1.2 mAb (eBioscience), anti–Thy-1.1 
mAb (eBioscience), anti-p75 mAb (BD Biosciences), and annexin V–FITC 
staining. annexin V staining was performed using a detection kit (BD 
Biosciences) according to the manufacturer’s protocol. Labeled cells were 
washed in calcium buffer and analyzed by flow cytometry (FACScan; BD). 
For analyses, gates were set on Thy1.2+ and/or Thy1.1+ cells, respectively, 
according to the experimental protocol.

For in vitro experiments, CD8+ T cells obtained from CHS or solvent-
treated control animals (1 × 105) were cocultured with CD8+CD11c+ DCs 
(1 × 104) purified from LZT or solvent-treated mice or vice versa. Cells were 
haptenized or left untreated and analyzed by flow cytometry. Gate was set 
on CD8+ T cells, and subsequently, expression of annexin V and 7-AAD 
(eBioscience) was investigated.

Statistics. Statistical significances of differences between experimental 
groups were evaluated using the Wilcoxon-Mann-Whitney 2-sample test. 
Data are shown as mean ± SD. P < 0.05 was considered significant.
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