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Abstract Program death-1 (PD-1) is a co-inhibitory
receptor inducibly expressed on activated T cells. PD-1 has
been reported to be associated with the development of
several autoimmune diseases including rheumatoid arthri-
tis, but the precise cellular and molecular mechanisms have
not been fully elucidated. To study the role of PD-1 in the
pathogenesis of rheumatoid arthritis and the possible
underlying mechanisms, we performed collagen-induced
arthritis (CIA) in C57BL/6 mice. Here, we show that PD-1
deficiency leads to the development of severe CIA in mice.
When analyzing T cells from CIA mice ex vivo, we noticed
aberrant antigen-specific Th17 responses in mice lacking
PD-1. This is possibly due to deregulated activation of
PKC-0 and Akt. In support of this notion, treating Pd-
cdl™~ mice with an inhibitor of PI3-kinase that is
upstream of PKC-0 and Akt significantly suppressed the
disease severity. Therefore, our data indicate that PD-1
dampens antigen-specific Th17 response, thus inhibiting
the disease.
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Introduction

Rheumatoid arthritis (RA) is a chronic inflammatory dis-
ease of unknown etiology that primarily affects the
synovial membranes of multiple joints (Koch 2007). The
disease has been suspected to be autoimmune in nature and
to be initiated by autoimmune CD4" T cells (Wehrens
et al. 2012). Collagen-induced arthritis (CIA) is the most
widely used mouse model for RA, in which immunization
of genetically susceptible strains of mice with type II col-
lagen (CII) leads to the development of a severe
polyarticular arthritis mediated by immune mechanisms
(Brand et al. 2007; Li et al. 2013). Although CIA was
originally considered as a Thl-mediated autoimmune dis-
ease, recent studies indicate that the newly identified Th17
subset that predominantly produces interleukin (IL)-17 is
the major initiator of the disease (Lubberts et al. 2004;
Miossec and Kolls 2012; Wehrens et al. 2012).

Program death-1 (PD-1) is encoded by the Pdcdl gene
on chromosome 1 in mice and chromosome 2 in humans.
Its expression can be induced on T cells, B cells, NK cells,
monocytes and dendritic cells upon activation (Keir et al.
2008). PD-1 is considered to play an important inhibitory
role in immune responses as its deficiency causes lupus-
like glomerulonephritis and proliferative arthritis in
C57BL/6 (B6) mice and fatal autoimmune dilated car-
diomyopathy in BALB/c mice (Okazaki and Honjo 2006).
Single nucleotide polymorphisms on human PD-1 gene
have been reported to be associated with RA (Lin et al.
2004). B7-H1, a major ligand of PD-1, has been docu-
mented to signal through PD-1 on T effector cells to
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prevent excessive activation and reduce autoimmune
arthritis (Hamel et al. 2010). Blockade of PD-1-PDL
interaction by PDL-Ig significantly ameliorated CIA as
assessed by clinical arthritis score and histology in the
joints (Wang et al. 2011). However, the direct intrinsic
cellular and molecular mechanism(s) by which PD-1 par-
ticipates in the pathogenesis of RA has not been well
defined.

We previously showed that cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4)-B7 interaction suppressed
Th17 responses and then inhibited the induction of exper-
imental autoimmune myocarditis (Ying et al. 2010), and
that PD-1 may regulate T cell responses via an anergy-
independent but inducible regulatory T cell-dependent
mechanism (Qiao et al. 2012). However, the role of PD-1
in deregulated Thl7 responses occurring during the
development of CIA and possibly human RA is not fully
characterized.

In this study, we show that PD-1 deficiency potentiates
the development of CIA in B6 mice, with increased anti-
gen-specific T cell proliferation and interleukin (IL)-17
production. Mechanistically, PD-1 may execute its role by
suppressing Th17 responses possibly via inhibiting the
activation of PI3K/Akt pathway.

Materials and Methods
Mice

Wild-type (WT) C57BL/6 (B6) mice were purchased from
the National Cancer Institute (Fredrick, MD, USA) and
Shanghai Experimental Animal Center. Pdcdl ™'~ B6 mice
were obtained from Dr. Tasuku Honjo (Kyoto University,
Kyoto, Japan). All experiments were performed in accor-
dance with protocols approved by the Institutional Animal
Care and Use Committees of the University of Chicago and
Central South University.

Induction of CIA and Assessment of Arthritis

Collagen-induced arthritis was induced as described pre-
viously with slight modification (Brand et al. 2007; Li et al.
2013). Briefly, chicken CII (Sigma-Aldrich, St. Louis, MO,
USA) was dissolved in 10 mM acetic acid and emulsified
in equal volumes of complete Freund’s adjuvant (CFA;
contains 5 mg/ml of heat-killed Mycobacterium tubercu-
losis). Mice age 12—-14 weeks were injected intradermally
at the base of the tail with 100 pg of CII in CFA on day 0
and 21; a dose of 3 mg zymosan (Sigma, St. Louis, MO,
USA) in normal saline was given on day 26 after initial
immunization (intraperitoneally: i.p.). The incidence and
severity of arthritis were monitored for 8 weeks and then
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the mice were killed for further histological and immuno-
logical analysis. Each paw was scored for the degree of
inflammation on a scale from 0 to 4:0, no evidence of
erythema and swelling; 1, erythema and mild swelling
confined to the midfoot (tarsals) or ankle joint; 2 erythema
and mild swelling extending from the ankle to the midfoot;
3 erythema and mild swelling extending from the ankle to
the metatarsal joints; 4 erythema and severe swelling
encompassing the ankle, foot and digits (Brand et al. 2007).
Hind paws were collected and fixed in 10 % formalin, and
5 um sections were stained with H&E. Histologically, the
joints were assessed on a scale of 0-5 based on the degree
of inflammation, cartilage damage and bone erosion, as
described previously (Buttgereit et al. 2009; Kondo et al.
2012). For in vivo inhibitor experiments, Pdcdl '~ mice
were administered (i.p.) with LY294002 (50 mg/kg) every
other day from the time half of the mice had developed
arthritis (day 30) till the end of the experiment (Hu et al.
2000; Skon et al. 2013; Toyama et al. 2010). Serum was
collected for cytokine detection by ELISA (eBioscience,
San Diego, CA, USA), and CD4™" T cells were isolated
from lymph nodes using mouse CD4 ™ T cell isolation kits
(R&D Systems, Minneapolis, MN, USA) when the mice
were killed.

Ex vivo T Cell Recall Responses

At the end of CIA, the mice were killed and draining lymph
nodes were collected. CD4" T cells were isolated from
lymph nodes using mouse CD4* T cell isolation kits (R&D
Systems, Minneapolis, MN, USA) and co-cultured with
irradiated WT T cell-depleted splenocytes as feeder cells in
the presence of different concentrations of CII. CII-specific
T cell proliferation was determined by [*H]thymidine
incorporation. For cytokine study, the supernatants were
collected at 48 h and subjected to interferon (IFN)-vy, IL-4
and IL-17 detection by ELISA (eBioscience, San Diego,
CA, USA).

Flow Cytometric Analysis

Draining lymph node cells were collected for further
analysis at the end of CIA as described above. For regu-
latory T cell analysis, the cells were surface stained with
antibodies against CD4 and CD25, followed by intracel-
lular staining with anti-Foxp3 antibody (eBioscience; San
Diego, CA, USA). For the Thl and 17 cells analysis, the
lymph node cells were stimulated with PMA (50 ng/ml;
Sigma-Aldrich, St. Louis, MO, USA) plus ionomycin
(1 pg/ml; Sigma-Aldrich, St. Louis, MO, USA) for 5 h in
culture medium in the presence of GolgiStop (BD Bio-
sciences, San Jose, CA, USA) and then surface stained with
anti-CD4 antibody followed by intracellular staining with
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anti-IL-17 and anti-IFN-y antibodies (eBioscience; San
Diego, CA, USA). The cells were analyzed on an LSRII
flow analyzer (BD Biosciences, San Jose, CA, USA) using
FlowJo (Tree Star, Ashland, OR, USA) (Qiao et al. 2012;
Ying et al. 2010).

In Vitro Stimulation and Immunoblotting

Naive CD4TCD25~ T cells from WT and Pdcdl ™'~ mice
were stimulated with anti-CD3 antibody in the presence or
absence of anti-CD28 antibody for different time points
and lysed. The cell lysates were blotted with monoclonal
phospho-antibodies against Akt (Serd473), extracellular
signal-regulated kinase (ERK; Thr202/Tyr204), p38
(Thr180/Tyr182), c-Jun N-terminal kinase (JNK; Thr183/
Tyr185) and protein kinase C ((PKC)-0, Thr538) (Cell
Signaling, Boston, MA, USA). CD4™" T cells from CIA
mice treated with LY294002 in vivo were lysed, and the
cell lysates were blotted with monoclonal phospho-anti-
bodies against Akt (Ser473) and PKC-0 (Thr538) (Cell
Signaling, Boston, MA, USA). The membranes were
reprobed with anti-B-actin.

Statistical Analysis

Data were expressed as the mean £ SD. Student’s ¢ test to
determine the differences between groups. The Mann—
Whitney U test was used to determine the statistical sig-
nificance in disease incidence and severity between WT
and Pdcdl™~ mice. The level of significance was set as
p < 0.05.

Results and Discussion
PD-1 Deficiency Potentiates CIA Induction

Although PD-1 has been reported to be involved in the
development of CIA in mice (Hamel et al. 2010; Lin et al.
2004; Wang et al. 2011), the role of PD-1 in CIA has not
been verified using mice deficient in PD-1. To provide the
genetic evidence on PD-1 in CIA, WT and Pdcdl '~ mice
were immunized (subcutaneous) with type II chicken col-
lagen emulsified in CFA and boosted on day 21. To
enhance the incidence and severity of CIA, each mouse
received zymosan injected (i.p.) on day 26 after initial
immunization. The incidence and severity of arthritis were
monitored. A standard scoring system, based upon swelling
and redness of each paw, was used for the assessment of
onset and arthritis severity. We found that although the
arthritis incidence was comparable between WT and Pd-
cdl™"™ mice (both approximately 60 %), the severity was
significantly higher in Pdcdl™~ mice than WT mice

(Fig. 1a). Erythema and swelling were more severe in
Pdcd]™~ mice than WT mice (Fig. 1b). There were sev-
erer bone and cartilage destruction and lymphocytes
infiltration in Pdedl™~ mice than in WT mice (Fig. 1b).
Therefore, we demonstrated that PD-1 suppresses the dis-
ease progression in CIA.

PD-1 Deficiency Facilitated Antigen-Specific T Cell
Proliferation and Th17 Differentiation

It has been reported that IL-17-positive cells were found in
the synovium from RA patients and this synovium could
produce functionally active IL-17 (Chabaud et al. 1999).
Overexpression of IL-17 in the knee joint confers the
induction of CIA and increased joint destruction (Lubberts
et al. 2002), while deficiency of IL-17 or IL-17 receptor
prevented the development of arthritis in animal models
(Koenders et al. 2005; Nakae et al. 2003). Neutralization of
IL-17 with specific antibody reduced the disease severity in
CIA mice (Lubberts et al. 2004). However, whether inhi-
bition of CIA development by PD-1 involves the
attenuation of Th17 responses has not been established. To
determine the possible cellular mechanisms involved in the
pathogenesis of CIA, we detected the ex vivo CD4™ T cell
recall response in response to chicken CII. As seen in
Fig. 2a, CD4™ T cell from Pdcdl ™'~ mice immunized with
CII in CFA proliferated significantly higher than that from
WT mice. Pdedl™~ CD4" T cells produced more IL-17
than WT cells, while there was no significant difference in
the production of IL-4 or IFN-y between the two groups
(Fig. 2b). Consistent with our previous data on natural
regulatory T cells (Tregs) (Qiao et al. 2012), Tregs in
draining lymph nodes were comparable between WT and
Pdcdl™"~ mice with CIA. While Pdcd!™'~ CIA mice did
show significantly expanded IL-171 CD4%1 T cells in the
draining lymph nodes (Fig. 2¢). These data indicate that in
this CIA model, PD-1 may exert its protective role via
inhibiting antigen-specific Th17 response (Fig. 2b, c),
which is consistent with several recent reports (Iliopoulos
et al. 2011; Wang et al. 2011).

PD-1 May Suppress Th17 Differentiation Through
Inhibiting Akt/PKC-0 Phosphorylation

Previously, we have shown that heightened activation of
Akt may be responsible for the defective inducible Tregs
(iTregs) induction in vitro in the absence of PD-1. We also
found more IL-17-producing cells in Pdedl™~ CD4T T
cells under Th17-biased condition (Qiao et al. 2012). We
showed that no defect in phosphorylation of Stat3 or
Smad2/3 was found in T cells in response to IL-6 or
transforming growth factor B stimulation in the absence of
PD-1 (data not shown). To further define the possible
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Fig. 1 PD-1 deficiency potentiates CIA induction. Male WT and
Pdcd] ™~ B6 mice (n = 10) at 10-12 weeks of age were immunized
with chicken type II collagen (CII) and observed for 56 days as
described in the “Materials and Methods”. a Arthritis incidence (left
panel) and disease severity score (right panel) were determined by
visual inspection of mouse paws. b Representative images of hind

pathway(s) contributing to the regulation of Th17 differ-
entiation by PD-1, we focused on the role of PD-1 in T cell
receptor (TCR) signaling. Naive CD4" T cells from WT or
Pdcdl™~ mice were stimulated with anti-CD3 in the
presence or absence of anti-CD28 in vitro for different
times and lysed. T cell lysates were then blotted with dif-
ferent antibodies. As shown in Fig. 3, phosphorylation of
ERK, JNK and p38 under TCR stimulation is comparable
between WT and Pdcdl ™'~ T cells. In addition to height-
ened phosphorylation of Akt, PKC-0 was also heavily
phosphorylated at the Thr538 residue in Pdcdl ™'~ CD4™ T
cells upon TCR stimulation even in the absence of anti-
CD28 costimulation (Fig. 3a), suggesting that both Akt and
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paws from WT and Pdedl™'~ B6 mice 56 days after the first
immunization with chicken CII. The joints were collected and fixed in
10 % formalin, and 5 mm sections were stained with H&E (x100).
The values represent the mean = SEM. The data shown are
representative  of two independent experiments (*p < 0.05,
**p < 0.01)

PKC-0 are negatively regulated by PD-1. Note that we
found that the basal level of p-PKC-0 was higher in Pd-
cd1™"~ T cells than in WT T cells. Although the reason for
this increase is currently unknown, this may be due to the
effect of T cell intrinsic loss of PD-1 on TCR signaling,
although PD-1 is not expressed in resting T cells. This
finding indicates that PD-1 may regulate Th17 differenti-
ation via controlling Akt and/or PKC-0 activation. Indeed,
PKC-6 has been shown to inhibit iTregs in an Akt/Foxol/
3a-dependent manner (Ma et al. 2012). It has been
demonstrated that the suppression of PI3K/Akt/mTORCI1
axis impairs in vitro Thl7 differentiation (Kurebayashi
et al. 2012). Our previous data also showed that PD-1
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deficiency increased Th17 differentiation in vitro (Qiao
et al. 2012). These data indicate that PD-1 may suppress
Th17 differentiation via inhibiting PI3K/Akt axis. To fur-
ther verify this notion, we treated Pdcdl '~ mice with a
PI3K inhibitor LY294002 in vivo during CIA induction.
LY294002 has proved useful to study the various functions
of PI3K in vitro or in vivo. It is a classical reversible, ATP-
competitive and pan-PI3K inhibitor. Treating the Pdcdl ™'~

mice with the LY294002 did not change the incidence of
CIA (data not shown), but it did decrease the disease
severity as evaluated by erythema and swelling (Fig. 3b)
and the phosphorylation of Akt and PKC-0 in CD4™" T cells
(Fig. 3e). Histologically, treatment with LY294002
reduced cartilage destruction and lymphocyte infiltration
within the synovial membrane (Fig. 3c). Inhibition of PI3K
with LY294002 also decreased IL-17 production in the
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Fig. 3 PD-1 inhibits the PI3K/Akt pathway, thus suppressing the
development of CIA. a WT and Pdcdl ™'~ CD4TCD25™ T cells were
stimulated with anti-CD3 (1 pg/ml) in the presence or absence of
anti-CD28 (1 pg/ml). The cell lysates were blotted with phospho-
antibodies against ERK, JNK, p38, Akt and PKC-6. The membranes
were stripped and reprobed with anti-actin. b—e Pdcdl ™'~ mice were
immunized with chicken type II collagen in CFA (n = 10) as
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described in Fig. 1. LY294002 was administered (i.p.) every other
day when half of the mice had developed arthritis (day 30). Disease
severity score was determined as described in Fig. 1 (b). The joints
were collected and stained as described in Fig. 1 (x100) (c). IL-17 in
the serum was detected via ELISA (d). CD4" T cell lysates were
detected for phosphorylation of Akt and PKC-0 (e). The data shown
are representative of two independent experiments
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serum (Fig. 3d). Thus, PD-1 may suppress Th17 differen-
tiation via inhibition of PI3K/Akt axis, eventually
ameliorating the disease severity in CIA.

In conclusion, we demonstrated that PD-1 is protective
in the development of CIA, probably through inhibiting the
induction of Th17 after exposure to the antigen. Mecha-
nistically, PD-1 suppresses the activation of PI3K/Akt axis
that eventually leads to the attenuation of Th17 differen-
tiation. The identification of the potential mechanisms for
PD-1 during the development of autoimmune arthritis will
not only shed lights on further understanding of the
pathogenesis of RA, but also lead to potential therapeutic
approach to autoimmune arthritis and possibly RA in
humans.
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