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IL-17 and IFN-y Mediate the Elicitation of Contact
Hypersensitivity Responses by Different Mechanisms and Both
Are Required for Optimal Responses’

Donggou He, Lizhi Wu, Hee Kyung Kim, Hui Li, Craig A. Elmets, and Hui Xu?

Hapten-induced contact hypersensitivity (CHS) in the skin is a delayed type cellular immune response that can be mediated by CD8*
T cells that produce IFN-vy or IL-17. However, mechanisms for these cytokines in the elicitation of CHS remain to be fully elucidated.
In this study, we show that adoptive transfer of CHS with hapten-primed wild-type (WT) CD8* T cells is reduced in IFN-yR™~ or
IL-17R™’~ mice compared with WT controls. The infiltration of granulocytes and macrophages in the hapten challenged skin of IL-
17R™'~ recipients is significantly reduced whereas it is less affected in IFN-yR ™~ recipients although CD8" T cell infiltration is
inhibited in both recipients. In contrast, the activity of reactive oxidative species is significantly inhibited in IFN-yR ™'~ but is less affected
in IL-17R™~ recipients. Further analysis reveals that the expression of chemokines and cytokines is differentially regulated in the
hapten-challenged skin of IFN-yR ™~ or IL-17R ™'~ recipients compared with WT controls. Interestingly, injection of rIL-17 in the skin
induces inflammation with a high level of leukocyte infiltration whereas injection of IFN-y induces inflammation with a high level of
reactive oxidative species. Moreover, neutralization of IL-17 in IFN-yR ™~ or IFN-vy in IL-17R ™"~ mice further suppresses the adoptive
transfer of CHS by hapten-primed WT CD8™ T cells. The study demonstrates that IFN-vy and IL-17 mediate the elicitation of CHS by
different mechanisms and that both cytokines are required for optimal responses. This outcome improves understanding of pathogenesis

and provides new insights into therapeutic strategies for CHS. The Journal of Immunology, 2009, 183: 1463-1470.

apten-induced contact hypersensitivity (CHS)® is a T
H cell mediated delayed type immune responses, which

used to be considered a Th1l mediated delayed type hy-
persensitivity in the skin. In animal models, hapten primed CD8™
T cells produce a large amount of IFN-vy and are primary effector
cells (Tc1) whereas CD4™ cells develop into Th2 type cells which
play regulatory roles in the responses (1-3). Recent studies have
demonstrated that hapten-primed CD8 ™" T cells are able to develop
into a distinct subpopulation that produces IL-17 (T}, _,,) and plays
a role in the elicitation of CHS responses (4). CHS responses are
suppressed in IL-17-deficient mice, which results from a defect in
the activation of CD4™ T cells and reduction of IFN- y by hapten-
primed T cells (5). Clinical evidence also indicates that T cells
from nickel allergic patients produce both IFN-y and IL-17 (6).
However, it remains to be determined whether IFN-y and IL-17
mediate the elicitation of CHS responses by different mechanisms
and whether both cytokines are required for optimal responses.
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IFN-+v has been considered as an important inflammatory cyto-
kine which plays a key role in the type 1 immune responses (7).
IFN-+ has effects on the production of cytokines, chemokines and
anti-microbial substances such as reactive oxidative species (ROS)
and peroxidates (8—10). It is generally accepted that IFN-vy plays
important roles in CHS responses and a defect in IFN-vy signals
suppresses CHS responses (11, 12). However, controversial stud-
ies have been reported to show that IFN-vy plays a minor role in
CHS (13, 14). It is noteworthy that the most of studies in the gene
knockout mice included effects of IFN-vy signals on the develop-
ment of effector cells as well as on the function of effector cells in
the elicitation of inflammatory reactions. Therefore, it remains to
be dissected whether IFN-y-mediated regulation of CHS responses
is based on its effects on the development of effector cells and/or
its effects on cutaneous inflammations during the elicitation of
CHS responses.

IL-17 plays important roles in CHS responses and many other
inflammatory diseases (4, 15, 16). A line of studies indicate that a
primary effect for IL-17 is to regulate the infiltration of neutrophils
in inflammatory tissues (5, 15-18). IL-17 can regulate the produc-
tion of a panel of cytokines and chemokines, which may be a
mechanism for IL-17-mediated regulation of leukocyte migration
(19-23). In CHS responses, neutralization of IL-17 by Abs re-
duces the infiltration of neutrophils and macrophages and inhibits
the production of inflammatory cytokines in hapten challenge skin
tissues (4). It remains to be determined whether IL-17 regulates
ROS activities in the hapten-challenged skin and collaborates with
IFN-v in the elicitation of CHS responses.

In the current studies, the role of IFN-y and IL-17 signals in the
elicitation of CHS responses was examined in IL-17R- or IFN-
yR-deficient mice. We intended to examine the effect of IFN-y and
IL-17 signals on the development of CD8* effector cells during the
sensitization of hapten-primed T cells and on the function of CD8" T
cells in the elicitation of CHS responses. Furthermore, mechanisms
for IL-17 and IFN-y-mediated effects on inflammatory reactions in
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the skin were determined. The outcome of studies has demonstrated
specific roles of these two cytokines in CD8™ T cell-mediated CHS
responses and provided new insights into mechanisms for CD8 " Tcl
and T, ,,-mediated immune responses.

Materials and Methods

Animals and reagents

IL-17R ™'~ mice on C57BL/6 background were provided by Amgen. IFN-
YR/~ mice on C57BL/6 background and wild-type (WT) C57BL/6 mice
(6—8 wk of age) were purchased from The Jackson Laboratory. All animal
procedures were performed according to National Institutes of Health
guidelines and the protocols were approved by the Institute Animal Care
and Use Committee of the University of Alabama. Rat anti-mouse IL-17
Ab (TC11-18H10) was purchased from Southern Biotechnology Associ-
ates. Hybridoma cell lines XMG1.2 (anti-IFN-vy), GK1.5 (anti-CD4), and
Lyt-2 (anti-CD8) were from the American Type Culture Collection. Abs
used for flow cytometry, immunohistochemical staining, and ELISA re-
agents were purchased from BD Pharmingen. Recombinant mouse IL-17,
IFN-vy, IL-4, and GM-CSF were from R&D Systems.

Rat anti-mouse inducible nitric oxide synthase (iNOS) Ab was pur-
chased from Calbiochem. DAB peroxidase substrate (3,3’-Diaminobenzine
TABLET SETS), dinitrofluorobenzene (DNFB), dinitrobenzenesulfonic
acid, sodium salt (DNBS), normal rat IgG, PMA, and ionomycin were from
Sigma-Aldrich.

CHS responses

Mice were sensitized with 0.5% DNFB on two consecutive days and chal-
lenged with 0.2% DNFB 5 days later. CHS was measured every 24 h after
challenge. Mice that were not sensitized but challenged with 0.2% DNFB
served as negative controls (4). In some experiments, CD4" or CD8" T cells
were depleted in vivo by treatment of animals with specific Abs. In brief, mice
were treated by i.p. injection of 100 ug/mouse of GK1.5, Lyt-2 or rat IgG on
three consecutive days and were rested 2 days before sensitization (2).

To examine adoptive transfer of CHS responses by hapten-primed T
cells, C57BL/6 mice were sensitized with DNFB and the draining lymph
node cells were harvested 5 days later (2). CD8" T cells were purified
using MACS system according to the manufacturers’ instruction (Miltenyi
Biotec) and transferred i.v. into naive WT, IL-17R /™ or IFN-yR /™ mice
(5 X 10° cells/mouse). The recipient mice were challenged with DNFB
immediately after T cell transfer and CHS was measured 24 h after chal-
lenge. In some experiments, the recipient mice were treated twice i.p. with
anti-IL-17 (200 pg/mouse), anti-IFN-y (400 ug/mouse), or rat IgG (400
ng/mouse) 1 day before and on the day of T cell transfer.

Induction of cutaneous inflammation by injection of
recombinant cytokines

Mice were injected s.c. in the ear skin with 50 ng IL-17 or 50 ng IFN-v in
20 wl PBS every other day for five times. Injection of PBS alone served as
a negative control. The cytokine dose and injection protocol were opti-
mized in preliminary experiments. Ear thickness was measured every other
day between the injections. Ear tissues were harvested 24 h after the last
injection for analysis.

Histological and immunohistochemical staining of skin tissues

To examine the histology of skin tissues, skin samples were collected at
different time points following hapten challenge. Skin tissues were fixed in
10% formalin and paraffin-embedded tissue sections were made. Tissue
sections were stained with H&E.

To detect leukocyte infiltration in the skin, cryo-sections (5 wm) were cut
and fixed with cold acetone for 10 min. After 10 min rehydration in PBS,
sections were incubated with 5 pg/ml anti-CD16/CD32 Ab (2.4G/2) to block
nonspecific binding and then stained 30 min at room temperature with 100 wl,
5 pg/ml biotin-labeled Gr-1, CD11b Abs. After three washes with PBS, the
binding of biotin labeled Gr-1, CD11b Abs was detected with streptavodin-
Alexa488 (1/1000, 30 min at room temperature). The expression of iNOS
was detected by a rat anti-mouse iNOS followed by the second Abs PE-
labeled goat anti-rat IgG. Sections were counterstained with fluorescence
dye 4',6-diamidino-2-phenylindole and mounted. Pictures were taken mi-
croscopically with a 20X objective. Positive cells were counted in 10 fields
of each group (three mice). The average of positive cells per field was
calculated and the difference between groups was analyzed statistically by
Student’s ¢ test. The iNOS expression level, the fluorescent density per
square mm, was evaluated by using Image-pro Plus 6.0 analysis software
(Media Cybernetics). Average levels of iNOS expression in ten fields were
calculated and the difference between groups was analyzed statistically.

To examine myeloperoxidase-positive cells in the skin, unfixed cryo-
sections (5 wm) were incubated with 100 ul of DAB peroxidase substrate.
The reaction was stopped by washing in PBS. Pictures were taken micro-
scopically with a X20 objective. Positive cells were counted in 10 fields of
each group (three mice). Average numbers of positive cells per field were
calculated and the difference between groups was analyzed statistically.

Measurement of cytokine production by hapten-primed T cells

Bone marrow dendritic cells (BM-DC) were generated from bone marrow
of C57BL/6 as reported in our previous studies (4). BM-DC were labeled
with DNBS (5 mM, 1 ml/10 cells, 37°C, 15 min) and cultured with primed
T cells from DNFB sensitized WT, IL-17R "~ or IFN-yR '~ mice (2 X
10%ml T cells and 2 X 10%ml DCs in 200 ul/well). Supernatants were
harvested 48 h after cultures for measurement of cytokines by ELISA as
described (4).

Because a very small portion (<1%) of IL-17 or double cytokine-pro-
ducing T cells can be detected in flow cytometric analysis when CD8" T
cells are stimulated with hapten-labeled DC (4), stimulation with anti-CD3
Ab provides strong signals and enables us to detect a change in cytokine-
producing cells. Our previous studies demonstrate that the stimulation with
plate-bound anti-CD3 Ab induces a higher level of cytokine production by
hapten-primed T cells but does not change the pattern of cytokine produc-
tion (2). To detect intracellular cytokines, primed T cells were stimulated
with plate-bound anti-CD3 (25 ug/ml, 30 ul/well). Cells were harvested
48 h after cultures and restimulated with PMA (50 ng/ml) and ionomycin
(500 ng/ml) in the present of Golgi stop (1 wl/ml; BD Pharmingen) for 4—6
h. Cells were then collected and incubated with 5 pg/ml anti-CD16/CD32
Ab (2.4G2) to block nonspecific binding. The cells were first stained with
Alex488-conjugated anti-CD4 or CD8 Abs. The cells were then fixed and
permeabilized with Cytofix/Cytoperm buffer (BD Pharmingen) and incu-
bated with PE-conjugated anti-IL-17, allophycocyanin-conjugated anti-
IFN-y (BD Pharmingen) or isotype mouse IgG controls. Samples were
analyzed in a FACSCalibur flow cytometer (BD Biosciences) (4).

Real-time RT-PCR

Total RNA was isolated from homogenized skin tissues by using TRIzol
Reagent (Life Technologies) according to the instructions provided. Two
micrograms of RNA were used for synthesis of cDNA with a cDNA syn-
thesis kit from Bio-Rad. Real time PCR was performed with iQ SYBRO
Green Supermix Kit in a MyiQ real time qPCR system (Bio-Rad) accord-
ing to the manufacturer’s instructions. The expression level of cytokines
was normalized to the housekeeping gene GAPDH in each sample.

The sequences for primers were as follows: IFN-y (221 bp), forward,
5'-ACA ATC AGG CCA TCA GCA AC-3’, reverse, 5'-TCA GCA GCG
ACT CCT TTT CC-3'; IL-17 (249 bp), forward: 5'-TCT CAT CCA GCA
AGA GAT CC-3, reverse, 5'-GAA TCT GCC TCT GAA TCC AC-3';
CD8 (189 bp), forward, 5'-AAC TCC AGC TCC AAA CTC C-3, reverse,
5'-GAC TGA GCA GAA ATA GTA GCC-3'; IP10 (208 bp), forward,
5'-CGT CAT TTT CTG CCT CAT CC-3, reverse, 5'-CAG ACA TCT
CTG CTC ATC ATT C-3'; IL-6 (202 bp), forward, 5'-CCT CTC TGC
AAG AGA CTT CC-3', reverses, 5'-GCA CAA CTC TTT TCT CAT TTC
C-3"; IL-1B (206 bp), forward, 5'-ACA GCA GCA CAT CAA CAA GAG-
3’, reverse, 5'-ATG GGA ACG TCA CAC ACC AG-3'. KC (164 bp),
forward, 5'-GAT TCA CCT CAA GAA CAT CCA G-3', reverse, 5'-TGG
GGA CAC CTT TTA GCA TC-3'. MCP1 (299 bp), forward, 5'-AAC TCC
CAT CCC AAT CAC C-3', reverse, 5'-CCT CCA TCA ACC ACT TTT
CC-3"; MIG (297 bp), forward, 5'-CCG CTG TTC TTT TCC TTT TG-3’,
reverse, 5'-TCC CCC TCT TTT GCT TTT TC-3"; MIP-1b (189 bp): for-
ward, 5'-TCC CAC TTC CTG CTG TTT C-3', reverse, 5'-CAG TTC
AAC TCC AAG TCA CTC-3".

Statistical analysis

In CHS responses, each group will contained three mice and the increase
of ear swelling was calculated from six ears and presented as mean *
SEM. The differences between experimental groups were analyzed using
the Student’s ¢ test with p < 0.05 being considered statistically significant.

Results
The level of CDS8, IL-17, and IFN-vy signals is associated with
the kinetics of CHS responses

CD8™ T cells are primary effector cells in CHS responses (24 —26).
It was reported that the early recruitment of CD8™ T cells in the
hapten-challenged skin was required for the elicitation of CHS
responses (27). Although hapten-primed CD8™" T cells are able to
produce IFN-vy and IL-17 (4), it is yet to be examined whether the
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FIGURE 1. The level of CD8, IFN-vy, and IL-17 in hapten-challenged
skin tissues is associated with the kinetics of CHS responses. A, WT mice
were sensitized and challenged as described. Ear skin tissues were har-
vested at the indicated times following challenge and the mRNA levels of
CD8, IFN-v, and IL-17 were determined by real time RT-PCR. B, Mice
were depleted of CD4* (CD4%") or CD8* (CD8%") T cells before hapten
sensitization. CHS responses were measured following challenge. The
treatment with rat IgG served as a control. Mice that were not sensitized
were challenged and served as naive control (Naive). The values are shown
as means = SEM of three mice per group. The difference between the
control and T cell depleted groups is statistically significant at all indicated
times following challenge (p < 0.05).

recruitment of CD8" T cells in the hapten challenged skin is as-
sociated with the expression of IFN-y and IL-17 signals and the
kinetic of CHS responses. To examine it, C57BL/6 WT mice were
sensitized and challenged with DNFB as described (4). Ear skin
tissues were harvested at various times following challenge and
subjected to analysis. Because few CD8™ T cells could be detected
in the hapten-challenged skin by immunohistochemical staining
with Abs (data not shown), the CDS, IL-17, and IFN-y mRNA
levels were measured by real time RT-PCR. Results indicated that
mRNA signals for CD8, IFN-v, and IL-17 were increased in the
skin following hapten challenge and peaked at 48 h. The increase
of CD8 was closely correlated with the levels of IFN-y and IL-17
signals (Fig. 1a). Furthermore, the level of CD8, IL-17, and IFN-y
signals was correlated with the kinetics of CHS responses, which
peaked at 48 h following hapten challenge and then declined (Fig.
1b). The role of CD8™ T cells in CHS responses was confirmed by
that the depletion of CD8™" T cells significantly reduced CHS re-
sponses whereas depletion of CD4™ T cells increased the response
(Fig. 1b). These results implicate that the expression level of
IFN-vy and IL-17 is closely correlated with the migration of effector
CD8™ T cells in hapten-challenged skin tissues and is associated
with the kinetics of CHS responses. It is to note that IL-17 and
IFN-y may be expressed not only by CD8" T cells but also by
other cells in the skin during CHS responses.
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FIGURE 2. CHS responses are inhibited in IFN-yR ™/~ or IL-17R ™/~
mice. Mice were sensitized with DNFB and challenged as described.
CHS responses were measured. Mice that were not sensitized were
challenged and served as naive control (Naive). Compared with WT
mice, CHS responses are significantly inhibited in IL-17R ™/~ (A) or
IFN-yR /™ (B) mice. The values are shown as means = SEM of 3 mice
per group (%, p < 0.05). The data are representative of two to three
independent experiments.

CHS responses are inhibited in IL-17R™~ or IFN-yR™’~ mice

It was reported that CHS responses were reduced in IL-17-defi-
cient mice (5). It is unknown whether a defect in IL-17R affects
CHS responses although inflammatory diseases are suppressed in
the IL-17R /™ mice (28, 29). Controversial results were reported
about CHS responses in IFN-yR ™'~ mice (11-14). To determine
the role of IL-17 and IFN-v signals in CHS responses in the cur-
rent studies, mice were sensitized and challenged with DNFB as
described in previous studies (4). Results indicated that CHS re-
sponses were significantly reduced in IFN-yR /'~ and IL-17R '~
mice compared with WT controls (Fig. 2). This implicates that a
defect in either IFN-yR or IL-17R suppresses CHS responses.

The reduction of CHS responses in IFN-yR ~/~ and IL-17R ™/~
mice could result from a defect in the induction of hapten-specific
effector cells during sensitization or suppression of inflammatory
reactions at the elicitation phase. It is known that IFN-vy is an
important cytokine for the development of Th1 and Tecl cells (30,
31). However, less is known about the role of IL-17 signals in the
development of hapten-specific effector cells. To examine it, mice
were sensitized with DNFB and the draining lymph node cells
were harvested 5 days later. The hapten-primed T cells were stim-
ulated in vitro with DNBS-labeled BM-DC as described previ-
ously (4). In our hands, the number of hapten-primed CD4" and
CD8™ T cells which expressed a high level of activation marker
CD44 was not significantly altered by the gene deficiency (sup-
plemental Figure).* Our previous studies demonstrate that CD8* T
cells, which expressed a high level of CD44, are effector cells for
the elicitation of CHS responses (3). Studies from other groups
also show that T cell growth and activation are not affected in
IFN-yR /= or IL-17R™/" mice (20, 32-34). However, hapten-
primed T cells from IFN-yR ™/~ mice produced less IFN-y but
more IL-17 than those from WT controls (Fig. 3a). Interestingly,
hapten-primed T cells from IL-17R™'~ mice exhibited a similar
phenotype to those from IFN-yR '~ mice (Fig. 3a). Further anal-
ysis of intracellular cytokines indicated that a defect in IFN-yR or
IL-17R suppressed the development of CD4* Thl and CD8" Tcl
cells, whereas it increased CD4" Th17 and CD8™ Ty, _, cell dif-
ferentiation (Fig. 3b). The results suggest that IFN-y- and IL-17-
mediated signals may have an effect on T cell differentiation rather
than activation in hapten-sensitized mice and the effect may be a
mechanism for their roles in CHS responses.

+The online version of this article contains supplemental material.
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FIGURE 3. The cytokine phenotype of primed T cells from hapten-
sensitized IFN-yR ™/~ and IL-17R™/~ mice. Mice were sensitized with
DNFB and the draining lymph node cells were harvested 5 days later. A,
The cells were stimulated with DNBS labeled BM-DC for 2 days. Cytokine
concentrations in culture supernatants were measured by ELISA. The data
(mean *= SEM) are representative of two independent experiments (, p <
0.05). B, The cells were stimulated with plate-bound anti-CD3 Abs for 2
days. IL-17 and IFN-vy positive CD4 " and CD8" T cells were analyzed by
flow cytometry. The numbers indicate the percentage of positive cells in
the gated CD4 " or CD8™" T cell population. The data are representative of
three independent experiments.

Adoptive transfer of CHS responses by hapten-primed CD8™ T
cells is suppressed in IFN-yR™"~- or IL-17R™"" -recipient mice

Because the defect in IFN-yR or IL-17R affected the development
of hapten-primed T cells, the results described above could not
dissect the role of IFN-y and IL-17 in the elicitation of CHS re-
sponses. To examine the role of these cytokines in the elicitation
phase of CHS responses, hapten-primed WT CD8™ T cells were
purified and transferred to naive IFN-yR ~/~, IL-17R"~, or WT
recipient mice. The recipient mice were then challenged and CHS
responses were measured. In this adoptive transfer model, CD8*
effector cells were from hapten-primed WT mice and were able to
produce and respond normally to IFN-y and IL-17. Therefore, a
change in the magnitude of CHS responses will indicate a role of
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FIGURE 4. Adoptive transfer of CHS responses is inhibited in IFN-
YR/~ or IL-17R™/~ mice. CD8" T cells from DNFB sensitized WT
mice were purified and transferred i.v. into naive WT, IFN—«/R’/’, or
IL-17R /" recipient mice. The mice were challenged and CHS re-
sponses were measured. Mice that were neither transferred with cells
nor sensitized were challenged and served as naive control (Naive). The
adoptive transfer of CHS responses is significantly reduced in IFN-
YR~ (A) or IL-17R/~ (B) recipients compared with WT controls at
all indicated time points (p < 0.05). The values are shown as means *
SEM of three mice per group. The data are representative of three
independent experiments.

IFN-vy or IL-17 in CD8™ T cell mediated elicitation of inflamma-
tory reactions. Results showed that the transfer of CHS responses
by primed WT CD8™" T cells was significantly suppressed in IL-
17R™’~ or IFN-yR '~ mice compared with WT recipients (Fig.
4). This result implicates that both IL-17 and IFN-vy signals are
required for the elicitation of CHS responses.

Different patterns of inflammatory reactions in the
hapten-challenged skin of IFN-yR~~ and IL-17R™"" mice

The infiltration of neutrophils and macrophages in the skin is a
characteristic of allergic contact dermatitis in patients as well as
CHS responses in animal models (24, 25, 35). It was unknown
whether a defect in IFN-vy or IL-17 signals affected the patterns of
inflammatory reactions in CHS responses. To examine it, skin
tissues from mice that were adoptively transferred with hapten-
primed WT CD8™" T cells were collected 24 h after hapten
challenge. Infiltration of leukocytes and activities of inflamma-
tory enzymes in the skin tissues were examined. Results showed
that a defect in IL-17R significantly reduced the infiltration of
Gr-17 granulocytes and CD11b™ macrophages (Fig. 5). This is
in accordance with our previous studies indicating that leuko-
cyte infiltration in the skin of CHS responses is reduced by
anti-IL-17-neutralizing Abs (4). Interestingly, the infiltration of
granulocytes and macrophages was less affected in IFN-yR ™/~
mice compared with WT controls. It suggests that IL-17 may
have primary effects whereas IFN-y may have minor effects on
the regulation of leukocyte infiltration during CHS responses.

ROS are produced during inflammations and are important reg-
ulators for inflammatory reactions (36). iNOS and myeloperoxi-
dase (MPO), which are primarily produced by macrophages and
granulocytes (36, 37), have been reported to play roles in cutane-
ous inflammations and CHS responses (38—40). IFN-vy is a stim-
ulator for both iNOS and MPO (37, 41) whereas it is unknown
whether IL-17 regulates ROS activities in inflammatory tissues. In
the hapten-challenged skin, iNOS and MPO activities were signif-
icantly inhibited in IFN-yR ™/~ mice compared with WT mice
(Fig. 5). The activity of iNOS was less affected while MPO was
reduced in IL-17R ™/~ mice. The results indicate that IFN-y sig-
nals are important for the regulation of ROS activities in CHS
responses.



The Journal of Immunology

iNOS Density/mm? - Gr-1+ cells/Field
[ S (= ] S N n X
e © o o <o @ =) 7 =) W

Naive 3‘ }
WT T —

4 PR

L ——

IL-17R-/- } F

MPO+ cells/Field CD11b+ cells/Field
_ e NN ) W ]
c m © w S U o n S n

Naive [ [ -

wr [ —— L
lFNyR-/--E—- * ) — — |=*
IL17R-- =+ T

FIGURE 5. Different patterns of inflammatory reactions in the hapten
challenged skin tissues of IFN-yR /" or IL-17R/~ mice. CD8" T cells
from DNFB-sensitized WT mice were purified and transferred i.v. into
naive WT, IFN-yR ~/~, or IL-17R /™ recipient mice. The mice were then
challenged and ear skin tissues were harvested 24 h after challenge. Cryo-
sections (5 uM) of ear tissues were stained with Gr-1 (granulocytes),
CD11b (monocytes/macrophages), iNOS Abs, or DBA, a substrate for my-
eloperoxidase (MPO™") as described in the Materials and Methods. The
number of positive cells was counted microscopically. The data represent
mean = SEM of 10 fields. The intensity of iNOS staining was evaluated
with the software ImagePro Plus. *, p < 0.05. The data are representative
of three independent experiments.

Different patterns of cytokines and chemokines in the
hapten-challenged skin of IFN-yR~~ or IL-17R™"" mice

The elicitation of CHS responses requires the production of cyto-
kines and chemokines in the hapten challenged skin, which regu-
late the infiltration and activity of leukocytes in inflammatory re-
actions (42, 43). Both IFN-y and IL-17 have been reported to
regulate the expression of certain cytokines and chemokines in
infectious and autoimmune diseases (21, 22, 44). In CHS re-
sponses, the induction of chemokines is considered to be a mech-
anism for IFN-y mediated effects on inflammatory reactions (45—
47) whereas less is known about IL-17 mediated regulation of
cytokines and chemokines, especially at the elicitation phase of
CHS responses. Moreover, it is unclear whether IFN-y and IL-17
induced different patterns of cytokines and chemokines, which
may provide clues to specific mechanisms for IFN-y- and IL-17-
mediated inflammatory reactions. We examined whether a defect
in IFN-yR or IL-17R affected the pattern of cytokines and chemo-
kines in the skin of CHS responses that were transferred by primed
WT CD8" T cells. In the experiments, skin tissues were harvested
at 24 h following hapten challenge and were subjected to analysis
of cytokines and chemokines by real time RT-PCR.

Results showed an interesting pattern of cytokine and chemo-
kine expression in IFN-yR ™/~ and IL-17R™’~ mice compared
with WT controls (Fig. 6). The expression of macrophage chemo-
taxis protein-1 (MCP-1), monocyte inhibitory protein-1 (MIP-1a),
and IFN-y-induced protein 10 (IP-10) in the skin of CHS re-
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FIGURE 6. The expression of cytokines and chemokines is differen-
tially regulated in the hapten-challenged skin tissues of IFN-yR ™'~ or IL-
17R ™"~ mice. CD8™ T cells from DNFB-sensitized WT mice were purified
and transferred i.v. into naive WT, IFN-yR /", or IL-17R™/" recipient
mice. The mice were then challenged and ear skin tissues were harvested
24 h after challenge. RNA was extracted from tissue samples and the level
of mRNA for cytokines and chemokines was determined by real time RT-
PCR. Each sample was triplicated and values were normalized to the level
of house-keeping gene GAPDH (mean * SD). The data are representative
of two independent experiments.

sponses was decreased in both IFN-yR '~ and IL-17R /" mice
compared with WT controls. Similarly, CD8 signal was reduced in
both gene knockout mice, suggesting that the infiltration of CD8™
T cells in hapten challenged skin might be inhibited. However,
monokine induced by IFN-y (Mig) was undetectable in IFN-
YR ™'~ mice whereas it was hardly affected in IL-17R ™'~ mice. In
contrast, the levels of IL-6, IL-13, and KC (a mouse homologue to
human IL-8) were significantly reduced in IL-17R™/~ mice
whereas they were less affected in IFN-yR '~ mice. These cyto-
kines and chemokines have been reported to play important roles
in CHS responses (47-50). The differential regulation of the cy-
tokines and chemokines suggests that IL-17 and IFN-y may me-
diate CHS responses by different mechanisms.

Injection of recombinant IFN-v or IL-17 induces cutaneous
inflammatory reactions

Although the data described above indicated that a defect in
IFN-9R or IL-17R suppressed CD8™ T cell mediated elicitation of
CHS responses, one may argue that the defect in IFN-yR or IL-
17R could affect the behavior of CD8™ effector cells during CHS
responses and a direct effect of IL-17 and IFN-y on cutaneous
inflammations needs to be verified. To confirm the effect of IFN-y
and IL-17 on cutaneous inflammations, recombinant IFN-y or
IL-17 were injected s.c. in the ear skin of WT mice. Results indi-
cated that the injection of IL-17 or IFN-vy induced ear swellings
whereas controls with injection of PBS only showed a background
level of responses (Fig. 7a). The injection of IL-17 or IFN-vy in
IL-17R™’~ or IFN-yR /™ mice, respectively, did not induce sig-
nificant ear swelling (data not shown). Histological analysis
showed that injection of IL-17 or IFN-v induced swelling and
leukocyte infiltration in the injected skin, a similar phenomenon
observed in the skin of CHS responses (Fig. 7b). Further analysis
showed that although both IL-17 and IFN-y induced significant
levels of leukocyte infiltration compared with PBS controls, injec-
tion of IL-17 induced a high level of Gr-1" and CD11b™" cells
whereas IFN-v induced a high level of MPO positive cells in the
skin (Fig. 7c¢).
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FIGURE 7. Injection of recombinant IFN-y and IL-17 induces in-
flammatory reactions in the skin. Recombinant IFN-vy, IL-17 (50 ng/
mouse), or PBS was injected s.c. in ear skin every other day. A, Ear
swelling was measured every other day between the injection days.
Injection of IFN-vy or IL-17 induces significant levels of ear swelling
compared with PBS treated controls. *, p < 0.05; #*, p < 0.01. B, Ear
skin tissues were collected at 24 h after the last injection (day 10) and
subjected to histology analysis. C, Frozen sections of skin tissues (same
as B) were stained and the number of positive cells per field was
counted microscopically. MPO, myeloperoxidase positive cells. The
data show means = SEM of 10 fields and are representative of two
independent experiments. #*, p < 0.01.

IFN-vy and IL-17 signals are coordinated in the elicitation of
CHS responses

Having shown that IL-17 and IFN-vy are required for the elicitation
of CHS responses and they regulate cutaneous inflammatory reac-
tions by different mechanisms, the next question was whether
IL-17 and IFN-v signals are coordinated in the response. To test it,
primed CD8™" T cells from hapten-sensitized WT mice were trans-
ferred into naive IFN-yR /" mice that were pretreated with an
anti-IL-17 Ab or IL-17R™/" mice that were pretreated with an
anti-IFN-y Ab. The treatment with normal rat IgG served as a
control. CHS responses in the recipient mice were measured fol-
lowing hapten challenge. Results indicated that CHS responses
were further suppressed in the gene knockout mice that were pre-
treated with the anti-cytokine Abs compared with those that were
pretreated with control rat IgG (Fig. 8). The results implicate that
IL-17 and IFN-vy are coordinated in the elicitation of CHS re-
sponses and both signals are required for an optimal response elic-
ited by hapten-primed CD8* T cells.
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FIGURE 8. Both IFN-vy and IL-17 signals are required for optimal
CHS responses. CD8" T cells from DNFB-sensitized WT mice were
purified and transferred i.v. into naive WT, IFN-yR /", or IL-17R '~
recipient mice that were pretreated with Abs. CHS responses were mea-
sured following challenge. Mice that were neither transferred with T
cells nor sensitized were challenged and served as naive control (Na-
ive). A, IL-17R™/" recipient mice were pretreated with an anti-IFN-y
Ab. B, IEN-yR ™/~ recipient mice were pretreated with an anti-IL-17
Ab. The treatment with rat IgG served as a control. The treatment of
mice with anti-IL-17 or anti-IFN-y Abs significantly reduces CHS re-
sponses compared with the control treatment with rat IgG (p < 0.05 at
the indicated times). The values are shown as means = SEM of three
mice per group. The data are representative of two independent
experiments.

Discussion

CHS responses represent a delayed type cellular immune response,
which is mediated by CD8™ T cells that produce IFN-y (Tcl) or
IL-17 (T} 7)) (4, 12, 51). In the current studies, effector mecha-
nisms for IL-17 and IFN-vy signals in the elicitation of CHS re-
sponses are dissected by adoptive transfer of CHS responses with
primed WT CD8™ T cells in IL-17R ™~ or IFN-yR ~/~ mice. The
data demonstrate that IL-17 and IFN-y mediate the elicitation of
CHS responses by different mechanisms and that both cytokines
are required for optimal CHS responses.

CHS is a unique model of delayed type hypersensitivity re-
sponses, which is primarily mediated by CD8" T cells (1-3). The
data from the current studies show that the infiltration of CD8" T
cells is correlated with the level of IL-17 and IFN-vy signals in the
hapten-challenged skin tissues during CHS responses and that
these are associated with the kinetics of CHS responses. Depletion
of CD8™ T cells significantly diminishes CHS responses whereas
adoptive transfer of hapten-primed CD8* T cells can elicit CHS
responses in naive recipient mice. Moreover, the adoptive transfer
of CHS responses by WT primed CD8" T cells is suppressed in
IFN-yR /" or IL-17R™/" recipient mice, implicating that both
IFN-v and IL-17 signals are required for the elicitation of CHS
responses and that both CD8" Tcl and Ty, ,, cells are effector
cells. This is further supported by that blockade of both cytokine
signals will lead to significantly deeper suppression of CHS re-
sponses than a defect in single cytokine.

The role of IFN-vy in CHS responses is controversial in previous
studies (11-14). An open question was whether IFN-vy is an ef-
fector cytokine required for the elicitation of CHS responses or
regulates primarily the development of effector cells. Our studies
demonstrate that IFN-+y is an indispensable effector cytokine in the
elicitation of CHS responses. First, CHS responses are reduced in
IFN-yR ™~ mice even though both CD4™" and CD8" IL-17 pro-
ducing T cell populations are increased. Second, the adoptive
transfer of CHS responses with WT primed CD8™ T cells is sup-
pressed in IFN-yR ™/~ recipient. Third, injection of IFN-vy induces
cutaneous inflammations.
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A line of recent studies have demonstrated that a defect in Thl
or IFN-vy enhances the development of Th17 and exaggerates in-
flammatory reactions in some autoimmune diseases (52). In IL-17
defect mice, T cell growth is not affected whereas the production
of IFN-v is inhibited (5). Our data show that a defect in either
IFN-vy or IL-17 signals inhibits IFN-y procuring T cells but in-
creases the development of hapten specific CD4" and CD8" T
cells which produce IL-17 (Fig. 3). One explanation is that the
decrease in IFN-y-producing T cells may at least in part contribute
to the increase of IL-17-producing T cells. Additional experiments
are required for investigating mechanisms of IL-17-mediated ef-
fects on the differentiation of T cells and physiological relevance
to CHS responses. Nonetheless, the effect of IFN-y and IL-17 on
the development of hapten-primed T cells complicates the study in
the effect of these cytokines on the elicitation of CHS responses.
Adoptive transfer of CHS with hapten-primed WT effector cells
can dissect mechanisms for IFN-y and IL-17 mediated elicitation
of CHS responses. The reduction of CHS responses in IL-17R '~
or IFN-yR ™/~ mice which are sensitized and challenged (Fig. 2) is
not as dramatic as in the gene knockout mice, which are transferred
by primed WT CD8™ T cells (Fig. 4). It suggests that the effect of
the gene deficiency on the sensitization of T cells may compensate
for the magnitude of CHS responses at the elicitation phase. It is
noteworthy that the current studies are focused on the role of IL-17
and IFN-vy signals in CD8" T cell mediated elicitation of CHS
responses. It does not exclude that CD4™ T cells, which can pro-
duce both IL-17 and IFN-vy, may be involved. Because CD4™ T
cells are minor effector cells for the elicitation of CHS responses
in animal models (1-3), different approaches have to be taken to
address it in future studies. Moreover, CTL activity has been re-
ported to be a mechanism for CD8" T cell-mediated CHS re-
sponses (53). Although both IFN-vy and IL-17 have been reported
to regulate CTL activity (54, 55), it remains to be determined
whether regulation of CTL activity is a mechanism for IL-17 and
IFN-vy-mediated elicitation of CHS responses.

Mechanisms for IFN-y and IL-17 in the elicitation of CHS re-
sponses are incompletely understood. The current studies demonstrate
that IFN-y and IL-17 regulate the elicitation of CHS responses by
different mechanisms. IL-17 signals are primarily required for the in-
filtration of leukocytes whereas IFN-vy signals are more important for
the regulation of ROS activities in inflammatory tissues. The infiltra-
tion of CD11b™ macrophages and Gr-1" granulocytes is significantly
reduced in the skin of IL-17R™/~ but are less affected in IFN-yR /'~
mice (Fig. 5). This result is further supported by injection of IL-17
cytokine in the skin, which induces a higher level of leukocyte infil-
tration than injection of IFN-vy (Fig. 7c¢). It is notable that injection of
IFN-+y does lead to leukocyte infiltration in the skin, whereas the in-
filtration of leukocytes in the skin of IFN-yR ™/~ mice is little affected.
It is possible that in the IFN-yR ~/~ mice the lack of IFN-y mediated
signals may affect the production of other cytokines, such as up-reg-
ulation of IL-17. This may compensate for the regulation of leukocyte
infiltration.

iNOS and MPO, which are primarily produced by macrophages
and granulocytes (36, 37), play roles in cutaneous inflammations
and CHS responses (38 —40). Our data suggest that stimulation of
ROS activities may be a primary mechanism for IFN-+y signals in
CHS responses. In support of this, injection of IFN-vy induces a
higher number of MPO positive cells than injection of IL-17 in the
skin (Fig. 7¢). The reduction of MOP activity in the skin of IL-
17R™’"" mice (Fig. 5) likely results from the reduced infiltration of
leukocytes which are main source of MPO (36, 37).

Inflammatory cytokines and chemokines, which are produced in
the hapten-challenged skin, play important roles in the elicitation
of CHS responses (25, 42, 43). We have found that the expression
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pattern of a panel of cytokines and chemokines is different in the
hapten challenged skin of IFN-yR ™ and IL-17R ™/~ mice (Fig.
6). KC, an important chemokine for the regulation of neutrophil
infiltration in CHS responses (48), is greatly reduced in IL-17R ™/~
animals. This accompanied with a significant decrease in the in-
filtration of Gr-1* and CD11b™ leukocytes in the hapten-chal-
lenged skin of IL-17R™’~ mice compared with WT controls. In
contrast, KC expression in IFN-yR ™ mice is hardly affected. It
may explain at least in part why the infiltration of CD11b" and
Gr-17 leukocytes in the skin of IFN-yR '~ mice is less affected.
Similarly, IL-1 and IL-6, which play important roles in CHS (47,
49, 50), are preferentially reduced in IL-17R™/~ compared with
IFN-yR " and WT control mice. IL-1 and IL-6 are primarily
produced by leukocytes. Therefore, the reduction of leukocytes
infiltration may be attributed to the decrease of the cytokines in the
hapten challenged skin of IL-17R ™'~ mice. However, Mig, which
is a chemokine induced by IFN-+y and plays a role in CHS (42), is
unaffected in IL-17R ™/~ compared with WT controls whereas it is
undetectable in IFN-yR '~ mice. Chemokines MCP-1, MIP-1 B,
and IP-10, which can regulate the infiltration of CD8* T cells in
immune responses (47, 48), are down-regulated in both IL-17R ™/~
and IFN-yR ™'~ mice. It may contribute to the reduction of CD8™*
T cell infiltration in the hapten-challenged skin and the suppression of
CHS responses in the gene knockout mice. It is a common feature that
suppression of CHS is associated with a reduction of CD8* T cell
infiltration in the hapten challenged skin, which is found in mice that
are deficient in CTL activity or chemotaxis of neutrophils (48, 53). A
likely explanation is that suppression of inflammation will decrease
the production of chemokines for recruitment of CD8* T cells in the
skin. The different pattern of cytokines and chemokines in the hapten-
challenged skin may be related to specific mechanisms for the elici-
tation of CHS responses. Certainly further studies are required to de-
termine the role of a specific cytokine or chemokine in IFN-y and
IL-17 mediated inflammations in CHS responses. Although IL-17R
and IFN-9R are widely expressed by many types of cells (56, 57), it
is not excluded that certain types of cells may express either of them,
and therefore, respond to a specific cytokine. We will examine the
issue in future studies.

In summary, our studies have demonstrated that different mech-
anisms are used for IFN-vy and IL-17 mediated elicitation of CHS
responses which are induced by CD8" T cells. Blockade of both
IFN-vy and IL-17 will get the maximal suppression of the immune
responses. The outcome not only advances our understanding of
pathogenesis of the disease but also provides information for de-
velopment of new therapeutic strategies.
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Supplement figure. T cell activation is not affected in IL-17R-/- and IFN-yR-/- mice.
Mice were sensitized with DNFB and the draining lymph node cells were harvested 5
days later. The cells were stained with antibodies and analyzed by flow cytometry. (A).
CD4+ or CD8+ T cells are gated and the percent of CD44-high cellsin the gated T cells
are indicated in the figures. (B). The percent of CD4+ and CD8+ T cells in the draining
lymph nodes of hapten primed mice (n=5). Data are representative of two independent

experiments.
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