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Abstract. Numerous recent studies reported that brain-derived
neurotrophic factor (BDNF) also exists in the peripheral blood
to regulate the proliferation, differentiation and survival of
Ilymphocytes. Besides the role of BDNF in neuron repair,
circulatory BDNF also enhances the proliferation and reduces
apoptosis of lymphocytes. Peripheral lymphocytes express
both BDNF and its receptors. Increasing evidence has indicated
that altered BDNF serum levels significantly affect patients
with autoimmune inflammatory diseases and may also be
linked to the pathogenesis of diseases. For instance, systemic
lupus erythematosus, an autoimmune inflammatory disease
involving multiple organs, is frequently linked to altered B
lymphocyte function, imbalance of T-cell subpopulations and
loss of immune tolerance, which dysregulates the immune
regulatory network with excessive secretion of inflammatory
cytokines. The present review summarized studies that suggest
a potential link between circulatory BDNF and autoimmune
inflammatory diseases.
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1. Introduction

Inrecent years, neurotrophins (N'Ts), particularly brain-derived
neurotrophic factor (BDNF), have achieved varying degrees of
success in various diseases, such as spinal cord injuries, neuro-
degenerative diseases and tumors (1-4). NTs are also effective
against immune system diseases and are considered a novel
therapeutic strategy to manage allergies or inflammation.

BDNF, a prominent member of the NT family, has been
extensively studied for autoimmune inflammatory diseases.
Previous studies have indicated that circulating BDNF was
mainly produced from lymphocytes, macrophages, vascular
endothelial cells and other immune cells (5,6). BDNF
promotes the survival and proliferation of lymphocytes by
binding to cell membrane receptors in an autocrine or para-
crine manner (7,8). Of note, the production of BDNF varies
among different T lymphocyte subpopulations (5). BDNF
has been linked to systemic lupus erythematosus (SLE) (9),
experimental autoimmune encephalomyelitis (EAE) (10),
multiple sclerosis (MS) (11) and other autoimmune inflam-
matory diseases. SLE involves dysregulation of T and B
lymphocyte networks (12). A previous study by our
group reported on decreased circulatory levels of BDNF
in SLE, which correlated with the number of CD4* T
and CD8* T lymphocytes (9). So far, the pathogenesis of
SLE has remained elusive. A general consensus is that
the interaction of susceptible genes with certain environ-
mental factors disrupts the regulatory networks of T and B
lymphocytes, which promotes the production of charac-
teristic pathogenic antibodies and immune complexes. In
addition, T helper (Th) and T follicular helper (Tfh) cells
are excessively produced, while the production of regula-
tory T cells (Treg) and inactivation of cytotoxic T cells
are suppressed (12). The balance of inflammatory cyto-
kines becomes disturbed and interleukin-6 (IL-6), IL-8,
IL-10, IL-17, interferon-y (IFN-v) and other cytokines
are significantly upregulated (13). The antigen-presenting
cell-mediated balance between pro-inflammatory and
anti-inflammatory cytokines is vital for the differentiation
of CD4* T-cell lineages (including Th1, Th2, Th17, Tfh and
Treg), which is also closely linked to the pathogenesis of
SLE (14). It may be speculated that BDNF affecting the
immune function of lymphocytes is a major factor in the
pathogenesis of SLE.
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2. BDNF and its receptors

BDNF, which exists as a dimer, was first thought to only
be present in the central nervous system (CNS) and synthe-
sized by astrocytes; however, it has now also been detected
in peripheral blood. BDNF dimers non-covalently bind to
the membrane receptors to exert their biological effects. In
general, both pre- and mature BDNF are able to bind and
signal, albeit using two different families of receptors, namely
the low-affinity p75 NT receptor (p75SNTR) ‘panneurotrophic
factor’ receptors (15-17) and the high-affinity tropomyosin
associated kinase (TRK) receptors. BDNF binds to the
high-affinity TrkB (tyrosine kinase B) receptor of the TRK
family (18), while p7SNTR belongs to the tumor necrosis factor
(TNF) receptor superfamily (17). p7SNTR is thought to be a
co-receptor for TrkB (19); however, its function has remained
to be fully elucidated (20). Studies suggest that p7SNTR
participates in pro-apoptotic processes during cell develop-
ment (21), mediates the migration of Schwann cells (22) and
determines the fate of certain non-neural cells (23). p7SNTR,
which was previously known for its weak binding, binds with
high affinity to BDNF precursor (pro-BDNF), and subse-
quently, the resulting heterodimer binds to Sortilin, causing
neuronal apoptosis and inhibition of axonal growth (24).

The other receptor, TrkB, is a transmembrane receptor with
a tyrosine kinase domain encoded by the Trk proto-oncogene,
which exists as either the full-length gp145TrkB or the trun-
cated gp95TrkB (18). TrkB activation by BDNF stimulates
neuronal activity, which is necessary for memory development
and maintenance. The full-length gp145TrkB has a complex
structure, including an extracellular binding domain for BDNF,
a transmembrane region and a cytosolic tyrosine-kinase
domain essential for BDNF signaling (Fig. 1). The full-length
gpl45TrkB, upon autophosphorylation, exposes substrate
binding sites for SHC, growth factor receptor-bound protein 2,
ATP and phospholipase C (PLC)y. In general, gpl45TrkB acti-
vation triggers three downstream tyrosine kinase-mediated
pathways, PLCyl/PKC, MAPK-ERK and PI3/Akt, which
regulate cell survival and differentiation (25). On the contrary,
the truncated gp95TrkB, devoid of the tyrosine kinase
domain, has a negative effect, which binds and internalizes
BDNF without autophosphorylation (26). Of note, truncated
gp95trkB may still mediate BDNF-induced cell proliferation
but the mechanism has remained elusive. In this manner, TrkB
affects both cell survival and BDNF production.

In the TrkB-p75NTR heterodimer interaction, TrkB
inhibits p75SNTR-induced apoptosis, while p7SNTR increases
the affinity of BDNF to TrkB, which promotes growth and
survival of nerve cells (27).

3. Peripheral blood BDNF

It is becoming increasingly clear that BDNF has more func-
tions than that of a growth factor. It is intricately intertwined
with immunity, inflammation and numerous other regulatory
pathways. In recent years, numerous studies have indicated
that, apart from the CNS, BDNF also exists in peripheral
blood, where it affects the activities of non-neuronal cells.
Lymphocytes, monocytes and vascular endothelial cells are
considered to be the major sources of circulatory BDNF (5,6).

In addition, platelets may contain BDNF (28). BDNF is
expressed by both CD4* (Thl and Th2) and CD8* T cells.
Activated lymphocytes further increase the production of
BDNF. IL-6 and TNF-a may specifically enhance monocytes
to secrete BDNF (29). BDNF is known to promote the matu-
ration, proliferation and activation of T and B lymphocytes
and have an anti-apoptotic effect on T lymphocytes (7,8). In
addition to the expression in peripheral lymphocytes (8,30),
TrkB is also expressed in all thymocytes (5). Of note, TrkB
mRNA and protein levels have an inverse correlation with the
maturation and differentiation of thymocytes; TrkB expression
is upregulated in CD4'CDS8" immature thymocytes and then
progressively declines in CD8" and CD4* single-positive and
CD4*CDS8* mature thymocytes. The BDNF-TrkB interaction
stimulates TrkB autophosphorylation, which in turn upregu-
lates the c-fos gene in CD4°CD8 cells to improve thymocyte
survival (5). Functionally deficient TrkB mice were revealed
to have an increased number of pyknotic nuclei in the thymus
on the 15th postnatal day, suggesting an increase in apoptotic
lymphocytes, particularly in the cortical area. Likewise,
Schuhmann et al (31) demonstrated that BDNF-deficient
mice had significantly lower B lymphocytes in the blood,
spleen and bone marrow. This development was specific to the
pre-BII stage of bone marrow B cells. In addition, the total
number of thymus cells decreased. Another study indicated
that exogenous addition of BDNF to a serum-free mature
B-cell culture reduced cell apoptosis by 15% (30). In line with
this, Garcia-Suarez et al (32) reported massive lymphocyte
apoptosis in the thymus of TrkB-deficient mice, while an
improvement in the survival rate of thymic precursor cells was
observed after treatment with BDNF (33). Furthermore, it was
reported that cytokines secreted by Th2 are able to promote
BDNF synthesis, which in turn downregulates the secretion
of interferon and IL-22 by Th1 without affecting the secretion
of IL-4, IL-10 from Th2. Likewise, IL-6 and TNF-a are able
to enhance BDNF secretion from peripheral blood mono-
cytes (29). Overall, peripheral blood BDNF has a complex
regulatory network involving lymphocytes and anti- and
pro-inflammatory cytokines and performs a broad spectrum
of activities in non-neural tissues, apart from its regulatory
role in inflammation and autoimmune demyelination in the
CNS (33-38). Based on these results, it is indicated that BDNF
is a key factor in autoimmune and inflammatory diseases.

4. BDNF in autoimmune inflammatory diseases

Emerging evidence suggests that BDNF, as an immune
function regulator, is linked to numerous autoimmune and
inflammatory diseases, which is discussed in the following
subsections (Table I).

BDNF in EAE and MS. EAE is histologically and clinically
similar to MS, which was established in an animal model to
study autoimmune demyelination (11,39). Myelin-reactive
T cells of the CNS produce and release BDNF to promote
post-traumatic tissue repair (39). In both EAE and MS, T cells
near demyelinating lesions significantly increase the expres-
sion of BDNF to inhibit the progression of neuron injury (39).
By contrast, BDNF binding to TrkB-expressing T cells leads
to evasion of T-lymphocyte apoptosis, which is a key event
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Figure 1. BDNF signaling pathway. BDNF signaling via TrkB and p7SNTR is complex. Activation of TrkB-FL by mature BDNF classically leads to activation
of PLCy and both the ERK pathway and the PI3K/Akt pathway promote cell proliferation and survival. In addition, TrkB may act through the NFxB pathway.
In contrast to TrkB-FL, the truncated TrkB-T1 may be both inhibitory and activating via RhoA and PKC, resulting in cytoskeletal remodeling, gene modulation
and other effects. The low-affinity p7SNTR, when activated by mature BDNF, typically activates the pathway including TrkB-FL, but importantly, it may be
inhibited via either the JNK or Akt pathways. This is particularly the case when p7SNTR is activated by pro-BDNF and forms a ternary complex with the
adaptor protein sortilin. BDNF, brain-derived neurotrophic factor; TrkB-FL, tyrosine kinase B full-length; PLC, phospholipase C; PKC, protein kinase C;
NTR, neurotrophin receptor; CREB, C-response binding element; RhoA, ras homolog gene family, member A.

of the chronic inflammatory process in which T cells are
involved (39). Therefore, it is worthwhile determining whether
T cell-derived BDNF promotes neuronal recovery or promotes
the persistence of inflammation. A study reported that mice
deficient in immune cells producing BDNF displayed attenu-
ated immune response in the acute phase of EAE, which
reduced further brain parenchymal injury but enhanced
axonal loss in the chronic phase progressing into disability.
Of note, transfection of T cells expressing BDNF strongly
reduced brain damage in EAE and protected axons (40).
Elevated serum BDNF levels have also been associated with
nerve repair in patients with MS (11).

BDNF in inflammatory bowel diseases and pulmonary
sarcoidosis. Steinkamp et al (41) reported increased expres-
sion of BDNF and TrkB in local intestinal lesions of Crohn's
disease (CD). In CD, enteric glial cells (EGCs) maintain the
integrity of the bowel, while a loss of EGCs causes severe
inflammation of the intestine. BDNF attenuates apoptosis of
glial cells, while BDNF-neutralizing antibodies markedly
increase apoptosis. Therefore, it is speculated that BDNF
protects from CD by decreasing the apoptosis of EGCs.
Glial-derived neurotrophic factor promoting an anti-apop-
totic loop in EGCs has a similar role to that in CD (42,43).
Johansson et al (44) reported that NTs may also be involved in
ulcerative colitis, in which massive inflammation exhibited a
strong correlation with decreased NT immunoreaction. In addi-
tion, the production of NT increased in lamina propria cells.
In pulmonary sarcoidosis, nerve growth factor (NGF) expres-
sion in alveolar macrophages increased with the increase in

expression of NGF and BDNF in CD4* and CD8* T cells. An
increased expression of TrkA, TrkB and TrkC receptors was
also noticed. Furthermore, there was a significant correlation
between the expression of NTs in CD4 or CD8 cell populations
and the CD4:CDS8 ratio, lymphocyte number, and radiological
staging (45,46). Overall, these results suggested that increased
levels of NTs in bronchoalveolar lavage fluid modulate the
functions of immune cells in pulmonary sarcoidosis.

BDNF in connective tissue diseases. The role of BDNF in
autoimmune diseases has been studied extensively. In systemic
sclerosis (SSc), which is a microvascular disease, serum BDNF
levels are decreased (47), particularly in diffuse SSc and in
SSc with pulmonary arterial hypertension or anti-Scl-70
antibodies. Of note, BDNF and TrkB are also synthesized
by capillary and arterial endothelial cells (48). Therefore,
decreased BDNF levels in SSc may also be linked to micro-
vascular disease and oxidative stress. Fauchais er al (49)
and Li er al (50) studied serum BDNF levels in patients
with primary Sjogren's syndrome (pSS). They detected high
serum BDNF levels in pSS, which were correlated with the
extent of systemic involvement. NGF and BDNF levels also
correlated with the activation of B and T cells; specifically,
the BDNF concentration was correlated with CD4* T-cell
activation assessed as human leukocyte antigen DR expres-
sion. Li et al (50) reported that, compared with patients with
simple pSS or healthy controls, patients with pSS with intersti-
tial lung disease (ILD) had lower serum BDNF levels, which
may be used as a potential biomarker of ILD secondary to
pSS. In rheumatoid arthritis (RA), plasma BDNF levels were
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Autoimmune disease

Serum or tissue

BDNEF level in disease (Refs.)

Experimental autoimmune

encephalomyelitis;
multiple sclerosis

CD

Ulcerative colitis

Pulmonary sarcoidosis

SSc

pSS

RA

SpA

SLE

T cells in the CNS

Local intestinal lesions

Local intestinal lesions

T cells in bronchoalveolar

lavatory fluid

Serum

Serum

Plasma and synovial
tissue/SF

Plasma and synovial
tissue/SF

Serum and plasma

Strong expression of BDNF in T cells near
demyelinating lesions, suggesting that BDNF
inhibited further parenchymal injury and
participated in neuroinflammatory responses
during repair. However, BDNF partially resists
activation of T lymphocyte apoptosis, which may
be the nature of chronic inflammatory processes.
Local intestinal lesions in patients with CD with
strong expression of BDNF and TrkB, and BDNF
attenuated the apoptosis of glial cells to a small
extent, protecting the integrity of the bowel.
Massive inflammation was correlated with (44)
decreased neurotrophin immunoreaction in nerve
structures and there was a tendency toward
increased neurotrophin production in lamina

propria cells.

NGF and BDNF in CD4* and CD8* T lymphocytes
in the lung were increased in pulmonary sarcoidosis.
Expression of TrkB receptors was increased. There
was a significant correlation between lymphocytosis,
radiological stage and CD4 or CD8 NT expression.
Low serum BDNF level, particularly in diffuse 47
SSc and in patients with pulmonary arterial
hypertension or anti-Scl-70 antibodies.

Decreased BDNF level in pSS with ILD. BDNF
was correlated with the activation of B and T cells.
Higher plasma BDNF level in RA, BDNF level (628
in synovial tissue/SF was not correlated with

the number of inflammatory cells or TNF-a or
ESR, but plasma BDNF level was decreased

14 weeks after the initiation of anti-TNF therapy.
mRNA transcripts of all NTs and receptors were
highly expressed in the inflamed synovium,
correlating with vascularity and lymphoid
aggregates. BDNF level was higher in the SF of
patients with SpA than in OA.

Serum/plasma BDNF levels in SLE are correlated
with SLEDAI scores and clinical parameters: C3,
C4 and T-cell subsets. Serum BDNF levels may
be decreased in active SLE.

(11,39,40)

(41-43)

(4546)

(49,50)

(52.53)

(9,55,59,60)

BDNF, brain-derived neurotrophic factor; CNS, central nervous system; TrkB, tyrosine kinase B; NGF, nerve growth factor; NTs, neuro-
trophins; TNF, tumor necrosis factor; ILD, interstitial lung disease; ESR, erythroid sedimentation rate; OA, osteoarthritis; SLE, systemic
lupus erythematosus; SF, synovial fluid; SLEDAI, SLE disease activity index; SpA, spondyloarthritis; RA, rheumatoid arthritis; pSS, primary
Sjogren's syndrome; SSc, systemic sclerosis; CD, Crohn's disease; C3, complement component 3.

increased; however, the concentration did not correlate with
the number of inflammatory cells, the concentration of TNF-a.,
erythrocyte sedimentation rate or white blood cell counts in
synovial tissue (51). Of note, plasma BDNF levels decreased
after 14 weeks of anti-TNF therapy. In spondyloarthritis (SPA),

RA and osteoarthritis (OA), mRNA transcripts of all NTs
and receptors were expressed in the inflamed synovium.
At the protein level, BDNF was significantly higher in the
synovial fluid of patients with SPA than in those with OA.
Immunohistochemistry demonstrated that TrkA and NGF
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were highly expressed in the inflamed synovium of patients
with SPA, correlating with vascularity and lymphoid aggre-
gates. Additionally, the immunoreactivity of all receptors was
significantly decreased after infliximab treatment (52,53).

BDNF in SLE. Recently, serum BDNF levels in SLE have
been receiving increasing attention (54-59) and have been
linked to various clinical parameters, suggesting the involve-
ment of BDNF in the pathogenesis and progression of SLE.
Fauchais et al (58) indicated that the serum levels of BDNF
and the SLE disease activity index (SLEDAI) were not corre-
lated. Although BDNF levels were reduced after treatment,
they remained higher in patients with SLE than in healthy
controls. They speculated that BDNF levels were indepen-
dent of the Thl and Th2 profile. Furthermore, BDNF levels
were the lowest in a subgroup of lupus anticoagulant-positive
patients, which may have been due to antiphospholipid
antibody-induced vascular lesions and oxidative stress, as in
SSc (47). Ikenouchi et al (56) also reported that serum BDNF
levels did not correlate with SLEDAI. However, significantly
increased BDNF levels exhibited a good correlation with
psychiatric symptoms, including acute state of confusion,
anxiety disorder, cognitive dysfunction, mood disorder and
psychosis in neuropsychiatric syndrome of SLE (NPSLE).
Ikenouchi-Sugita et al (54) and Ikenouchi ef al (56) suggested
that plasma BDNF levels and the catecholamine metabolites
have a higher predictive value regarding the severity of
psychotic symptoms in SLE, offering an alternate diagnosis
to steroid-induced psychosis. Of note, Tamashiro et al (55)
demonstrated that increased plasma BDNF levels did not
correlate with CNS lesions, which contradicts previous
studies. In addition, they proved a negative correlation
between plasma BDNF levels and SLEDAI and a positive
correlation with the levels of complements and the numbers
of circulatory lymphocytes. Zheng et al (59) suggested that
decreased serum BDNF levels aggravated depression, while
increased BDNF improved depression in SLE. The serum
BDNEF levels exhibited an increase in the stable stage of SLE
and a decrease in the active stage. A study by our group indi-
cated that the BDNF concentration decreased after repeated
thawing of blood samples, suggesting poor stability of BDNF
protein (9). In this study, blood samples were collected during
the same period for ELISA analysis within three months.
However, in the study by Tamashiro et al (55), the blood
samples of the control group were from the serum banks of
clinical hospitals, which may have had lower BDNF protein
levels due to degradation during long-term preservation. This
notion is in agreement with the study by Zuccato et al (60),
who also demonstrated a time-dependent change in serum
BDNF levels due to different sample storage conditions.
The study by our group indicated that BDNF levels were
correlated with the SLEDALI, levels of complements and the
numbers of circulatory lymphocytes (9). In addition, it was
demonstrated that serum BDNF levels in SLE were decreased
and were the lowest in NPSLE. Another study suggested
that plasma BDNF levels were consistently lower in patients
with NPSLE with irreversible organic brain damage than in
healthy controls and the level increased with the improvement
in the disease (57). Thus, elevated BDNF levels may also be
used to track the recovery of brain damage in NPSLE.

5. Conclusion

In summary, an altered tissue or circulatory concentration
of BDNF may be linked to autoimmune and inflammatory
diseases. Studies in transgenic and knockout mice, particularly
in adult surviving animals, revealed hitherto unknown roles of
BDNF, which may be key to understanding immune disease
pathologies. BDNF regulates both immune and neuroim-
mune interactions. Managing BDNF levels may be a potential
therapeutic strategy, particularly in diseases with dysregulated
production of BDNF.
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