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Background: This review summarizes current findings and biological functions of programmed cell
death protein 1 (PD-1) in several major autoimmune diseases and their potential application to clinical
management and future research. Autoimmune diseases afflict approximately 3% of the world’s population.
Although the etiology and pathogenesis of these diseases have not yet been completely elucidated, in recent
year new molecular pathways of PD-1 (CD279) responsible for regulating tolerance and autoimmunity have
been discovered, and the role of PD-1 in autoimmune diseases has been gradually recognized and reported.
Methods: Information used to write this paper was collected from searches of computerized databases. The
main search terms are PD-1 and its related contents, and most of the references come from related studies
published in the past 10 years.

Results: In this article, because of the emerging evidence for a close relationship between PD-1 and
autoimmune diseases, we describe detailed findings and roles of PD-1 in four types of autoimmune diseases
that include rheumatoid arthritis (RA), systemic lupus erythematosus (SLE), multiple sclerosis (MS) and type
1 diabetes (T'1D).

Conclusions: An increase of PD-1" T cell populations found in both RA and SLE patients, and in Treg
cell subsets overexpressing PD-1 in MS patients, are finding which may represent dysfunctional Treg
subpopulations. The development of TID is known to occur as a side effect of anti-PD-1 therapy. In this
article, we found that cells expressing PD-1 may paradoxically also promote the disease in autoimmune
diseases, which is different from the traditional inhibitory role attributed to PD-1. Therefore, the role of

PD-1 in autoimmune diseases is quite promising and warrants a further in-depth research.
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Introduction Although the etiology and pathogenesis have not yet been
completely elucidated, genetic and environmental factors
Background . e .
are generally considered to significantly contribute to the
Autoimmune diseases comprise a collection of disorders pathogenesis of these autoimmune disorders (2,3). Although
that are characterized by tissue injury resulting from autoimmune diseases have been historically considered
abnormal immune responses to self-autoantigens (1-3). rare, through rigorous epidemiological studies, they have
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now been shown to affect at least 3% of the population (4).
The incidence and prevalence of autoimmune diseases
vary from region to region. For example, multiple sclerosis
(MS) is unevenly distributed throughout the world, with a
prevalence in tropical regions and in Asia of <5 persons per
100,000, and >200 persons per 100,000 in more temperate
regions. Moreover, the incidence of MS in Europe is
0.8-8.7/100,000 person-years, 2.7-7.5/100,000 person-years
in North America, and 0.7-3.6/100,000 person-years in
Asia and the Middle East (5). Because of the magnitude of
the population afflicted with autoimmune diseases, further
exploration of factors that contribute to the pathogenesis
of these crippling disorders would seem indicated to find
more optimal methods of therapy. We present the following
article in accordance with the Narrative Review reporting
checklist (available at https://aob.amegroups.com/article/
view/10.21037/a0b-20-86/rc).

Objective

In recent years, the programmed cell death-protein 1
(PD-1, CD279) responsible for regulating tolerance
and autoimmunity has been discovered (6-8). There are
increasingly appearing reports describing its function and
role in autoimmune diseases. This review summarizes
current findings and biological functions of PD-1 in several
major autoimmune diseases and their potential application
to clinical management and future research.

Methods

Information used to write this paper was collected from
searches of computerized databases. The main search terms
are PD-1 and its related contents, and most of the references
come from related studies published in the past 10 years.

Summary of results
PD-1
PD-1, also named CD279, belongs to B7/CD28

immunoglobulin superfamily type I transmembrane
glycoprotein. PD-1 is composed of the immunoglobulin-
like variable (IgV) domain, the transmembrane domain
and the cytoplasmic domain, with a molecular weight in
the 50-55 kDa range, which has high sequence homology
(about 30%) with CD28, inducible costimulatory molecules
(ICOS) and cytotoxic T-lymphocyte-associated protein 4
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(CTLA4) (9). Compared with CTLA4, PD-1 is expressed
both on the cell membrane and in solution as a monomer,
and, due to the lack of proximal cysteine residues on
the membrane, homodimerization does not occur (9).
Another significant structural feature of PD-1 is the lack
of a proline-rich ligand binding motif that binds to the
receptors of ICOS, CD28 and CTLA4, which is a must
in binding to CD86 and CD80. The different structures
for different molecules mean different ligand recognition
patterns and signaling mechanisms (9). It is worth noting
that the cytoplasmic domain of PD-1 contains two tyrosine
signaling motifs: immunotyrosine inhibitory motif (I'TIM)
and immunotyrosine switch motif I'TSM). I'TIM plays a
major role in the inhibitory function of PD-1, due to the
widely distribution in the structures of immunosuppressive
receptors such as killer cell immunoglobulin-like receptor
(KIR), CD72 and FcyRIIB (10). Interestingly, Mutation
studies using mouse B cell lines have shown that PD-1
is dependent on I'TSM to exert its inhibitory effect on
T cells (11). The ligand for PD-1 was identified as B7-
HI1, also named PDL-1, PD-L1 combined with PD-1 can
inhibit T cell receptor-mediated lymphocyte proliferation
and cytokine secretion (7).

PD-1 is mainly expressed in mature activated T cells
and B cells, but also inductively expressed in thymus
double-negative CD4'CD8 T cells, natural killer (NK)
cells, monocytes, some dendritic cells (DCs), natural killer
T cells (NKT) and bone marrow cells. Compared to other
CD28 family members, the wider range of expression
on T cells of PD-1 suggests broader immune responses
regulated by PD-1 (12). Because many types of immune
cells including Thl cell, Th17 cell, follicular helper T
cell (Tth), B cells and T regulatory cells are involved in
the pathogenesis of autoimmune diseases (13-18), and
since PD-1 is expressed on many types of immune cells,
it is necessary to explore the relationship of this cellular
diversity between PD-1 and autoimmune diseases. Since
PD-1 inhibitor therapy has been widely reported in
patients with cancer (2) and several excellent reviews are
available (19,20), the role of PD-1 in cancer patients will
not be included in this report. PD-1 maintains the balance
of the immune system and prevents autoimmunity in a
variety of ways, and has been demonstrated in several
experimental animal models, including systemic lupus
erythematosus (SLE), rheumatoid arthritis (RA), type 1
diabetes (T'1D) and MS. This review will describe research
progress of PD-1 in these autoimmune diseases.
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Figure 1 Ty cells play an important role in activating B cells in autoimmune diseases. PD-1"CXCR5'CD4" T cell was identified as

peripheral helper T cells (Tp). The number of Ty cells in synovium of patients with rheumatoid arthritis are usually increased significantly.
Although the expression of PD-1 was high, these cells were not exhausted. Similar to CD4'PD-1"CXCRS5" T follicular helper cells (Tth),
Tpy cells also induce plasma cell differentiation by secreting IL.-21 and SLAMFS interaction in vitro. CXCRS5, C-X-C chemokine receptor

type 5; SLAMFS, Signaling Lymphocytic Activation Molecule Family Member 5; IL21R, Interleukin-21 receptor.

Research and discovery of PD-1 in RA

RA is an autoimmune disease, which affects about 0.5% of
the total population and is defined as an immunologically-
mediated inflammatory disorder of the synovium (21-23).
Common symptoms of RA include joint swelling and pain
caused by synovitis, facet joint involvement with dysfunction,
anemia, fatigue, high risk of cardiovascular disease and
osteoporosis (10). In recent years, it has been demonstrated
that the expression of PD-1 in the synovium of early and
established RA is higher than that of normal and OA
synovium, while the expression of its ligand programmed
death ligand-1 (PD-L1) and PD-L2 is increased at all
stages of the progressed RA (arthralgia, undifferentiated
arthritis, early RA and established RA) (24). In addition,
PD-1 has been found to be expressed in the CD4+ and
CD8+ T cells infiltrating the synovium of most patients
with RA and the levels of serum soluble PD-1 are increased
in early RA patients with positive autoantibodies (24).
Since increased sPD-1 levels may interfere with PD-1
signaling leading to defective PD-1 effects on T cells, it is
therefore likely that the PD-1 pathway is down-regulated
during the clinical progression of RA disease (24). There
is a high concentration of sPD-1 in sera and synovial fluids
of patients with RA. One study showed that soluble PD-1
aggravates the progression of collagen-induced arthritis
through the Thl and Th17 pathways (25). In a retrospective
study, 10 patients who received anti-PD-1 antibody
treatment developed arthritis or arthralgia within one month
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after treatment and were diagnosed with RA or polymyalgia
rheumatica (PMR) without a history of rheumatic or
autoimmune diseases prior to treatment (26). Some studies
have also pointed out that the higher the titer of rheumatoid
factor, and other inflammatory markers and the greater the
score of disease activity, the higher the expression level of
PD-1 on peripheral blood T cells in patients with RA (27).
In the synovium of patients with RA, PD-1"CXCRS5"
CD4'T cells have been found to increase significantly and
are defined by the peripheral helper T cell (Ty) population,
which expresses factors that promote B cell development,
including Interleukin-21 (IL-21), C-X-C motif chemokine
13 (CXCL13), ICOS and Macrophage activating factor
(MAF) (28). At the same time, in pathologically inflamed
non-lymphoid tissues, Ty cells seem to be the only cells
that can promote B cell response and antibody production
(Figure 1) (28). With regard to the finding of PD-1 in RA,
some studies have stated that the disease activity score of
patients with RA is negatively correlated with the expression
of PD-1 on CD4" and CDS8"T cells in peripheral blood (29).

From current research, PD-1 in RA may not play the
traditional inhibitory role of this molecule, and further
research is required to define its function in different
immune cells, and through what mechanism (s) it exerts its
impact on RA, through inhibition or promotion.

Research and discovery of PD-1 in SLE

SLE is a systemic autoimmune disease characterized by the
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production of multiple autoantibodies (30-32). The etiology
of SLE involves a multi-factorial set of inflammatory
processes, which involve innate and adaptive immune
responses, that eventually leads to severe chronic immune
disorders. Genetic, epigenetic and environmental factors are
thought to play important roles in the pathogenesis of the
disorder (33). The expressions of Major histocompatibility
complex Class II (MHC-II), inducible T cell costimulatory
factor, CD38 and IL-21 in PD-1"CXCR5 CD4'T cell
(Tpy) in SLE patients are higher than those in healthy
controls, and the relative number of Ty cells in SLE
patients has been correlated with the degree of disease (34).
Some studies have suggested that the disease is ultimately
the result of over-stimulation of the host immune system
triggered by repeated exposures to antigens that exceed
critical thresholds. In support of this possibility, is the
finding in experimental mouse models that overstimulation
of mouse CD4 T cells also leads to the development of
autoantibody-induced CD4 T cells (AiCD4T), in which the
same kinds of autoantibodies are produced and pathological
changes seen as in SLE. These pathologic events are
accompanied by a significant expansion of a new effector
T cell populations, characterized by the expression of
programmed death-1 (PD-1) positive, CD27 (low), CD127
(low), CCR7 (low) and CD44 (high) CD62L markers, as
well as increased production of IL-2 and IL-6 (35). IL-6 is
a crucial pro-inflammatory cytokine that is involved in the
pathogenesis and progress of many autoimmune diseases
(36-38). In another clinical study, it was also found that
the frequency of follicular helper T cells (Tth, CD4"PD-
I"CXCRS™T cells) in peripheral blood of patients with
SLE was significantly higher than that of healthy subjects
and Tth cells in peripheral blood could induce B cells to
differentiate into plasma cells secreting IgG in vitro. In
addition, a positive correlation was observed between the
percentage of circulating plasmacytes, serum anti-dsDNA
antibodies and antinuclear antibodies. The results of this
study also suggest that Tth cells in peripheral blood may
promote the differentiation of autoreactive B cells into
plasmablasts that produce autoantibodies, which play a
progressive role in the pathogenesis leading eventually
to the clinical expression of SLE (39). Interestingly, Tpy,
Tth and the new effector T cell group, all share a common
characteristic, namely, they all express PD-1 and are
closely related to the pathogenesis of SLE. PD-1 gene
polymorphism has also been found in SLE. Susceptibility to
lupus nephritis and SLE is associated with PD-1.3 and PD-
1.5 gene polymorphisms, respectively (40,41). PD-1.6 gene
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polymorphism may be a protective factor of SLE (42).

Research and discovery of PD-1 in MS

Experimental autoimmune encephalomyelitis (EAE) is
another animal model for the study of MS with unknown
etiology (43-45), a disorder defined by the destruction of
myelin and axons of the central nervous system (CNS)
through the invasion of self-reactive T cells that have the
capacity to pass through the blood-brain barrier (BBB)
(43,46,47). Many cell types in the CNS express PD-1 and its
ligands, PD-1 is constitutively expressed in retinal neurons
of young mice, while PD-L1 and PD-L2 are found in
retinal neurons under inflammatory conditions (48). In the
EAE model induced by myelin specific Th17 cell (Th17-
EAE) transfer, a large number of Tth cells were found in
the CNS of Th17-EAE mice, and the number of infiltrating
Tth cells was positively correlated with the number of
infiltrating B cells at the peak of the disease (49). The
frequency of CD4+CXCRS5+PD-1+Tth-like cells are found
to be increased in both MS patients and EAE, and Tth-like
cells and B cells are found in the ectopic lymphoid structure
of the spinal cord of EAE mice. Tth-like cells promote
antibody production through the interaction between IL-
21/1L-21R and CD40L/CD40 and the synergism between
Signal transducer and activator of transcription 3 (STAT3)
and irregular Nuclear factor kappa-B (NF-«xB) signaling
pathway in B cells. The adoptive transfer of Tth-like cells
has been shown to aggravate the severity of EAE and delay
the remission of EAE (50). Some studies have shown that
regulatory T (Treg) cells with high expression of PD-1
in human circulation not only have impaired ability to
inhibit CD4" receptor T cells, but also a high expression of
PD-1 characterize a group of dysfunctional Treg cells that
produce interferon gamma (51). Indeed, Treg frequency
and function intact is important for the prevention of
autoimmune diseases (52-54). The level of PD-1 expressed
by CD4'CD25™¢"CD45RA" cells, a subgroup of Treg cells
in patients with MS, is significantly higher than that in
normal controls. Interestingly, this subgroup includes most
of the FoxP3"CD39" receptor Treg cells, indicating that
Treg cells in patients with MS are in a state of exhaustion
and dysfunction (55), although others claim that CD39"
"Treg represent a superior Treg cell population (30,56).

Research and discovery of PD-1 in T1D

T1D is an autoimmune disease caused by severe destruction
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of insulin-secreting B-cells in islets (57). Non-obese diabetic
(NOD) mice exhibit a spontaneous T1D model with the
same genetic and pathophysiological characteristics as
human diseases. Some known factors eventually contribute
to immune tolerance defects, leading to the development
of the disease, including B lymphocytes that produce
autoantibodies (58,59), the expansion of autoreactive CD4"
and CD8" T cells (60), and the activation of the innate
immune system (61). It is believed that PD-1 signal plays
an important role in the initiation and progression of
T1D through multiple checkpoints, studies using iz vivo
microscopy have shown that T cell receptor (T'CR) signals
in lymph nodes are truncated during PD-1 ligation (62).
PD-1 inhibits germinal center, PD-1 or PD-L1 deficiency
in patients with T1D, accompanied by the increase of B
cells in germinal center (GC) and the production of insulin
autoantibodies (63). In addition, it has been reported
that Nivolumab, an anti-PD-1 antibody, can induce
fulminant T1D (64). In patients with previous endocrine
autoimmunity, there may be more frequent and serious
immune-related side effects in anti-PD-1 therapy (65).
Autoantibody (AAB) is a marker of T1D mellitus (T'1D).
Compared with AAB-negative children, newly diagnosed
T1D children and children at risk of developing T1D
(AAB-positive) had a higher frequency of Treg cells, but less
PD-1 expression, and a lower proportion of Forkhead box
protein P 3 (FOXP3)" Treg expressing PD-1 in circulation
in AAB-positive high-risk children (66). From the current
research, PD-1 tends to be a protective factor in T1D,
and T1D may be one of the side effects caused by PD-1
inhibitors in cancer patients (64).

Conclusions

In recent years, PD-1 research has shown significant
progress particularly in the field of anti-tumor immunology
with significant clinical application. However, the
mechanistic role of PD-1 has not been fully clarified,
particularly in non-tumor diseases. For example, research
findings of the role of PD-1 in autoimmune diseases, does
not seem to be consistent. Anti-PD-1 therapy for tumor
patients may enhance side effects of autoimmune diseases,
such as T1D. When PD-1 is blocked, some side effects of
autoimmune disease are seen as an expression of an adverse
immunosuppressive effect. However, increased expression of
PD-1 has also been observed in autoimmune diseases, such
as RA, SLE, and is related to disease activity. In a recent
report, injection of immunotoxin targeting PD-1 expression
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into autoimmune diabetic mice cells was found to delay
the onset of the disease, and injection of immunotoxin
into paralyzed mice with EAE was also shown to relieve
symptoms (67). Thus, it is likely that cells expressing PD-1
may paradoxically also promote the disease in autoimmune
diseases, which is different from the traditional inhibitory
role attributed to PD-1. Therefore, the role of PD-1 in
autoimmune diseases is quite promising, warrants a further

in depth research.
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