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Abstract Histidine-rich glycoprotein (HRGP) is a relatively less known glycoprotein, but it is
abundant in plasma with a multidomain structure, which allows it to interact with many ligands
and regulate various biological processes. HRGP ligands includes heme, Zn2þ, thrombospondin,
plasmin/plasminogen, heparin/heparan sulfate, fibrinogen, tropomyosin, IgG, FcgR, C1q. In
many conditions, the histidine-rich region of HRGP strengthens ligand binding following inter-
action with Zn2þ or exposure to low pH, such as sites of tissue injury or tumor growth. The
multidomain structure and diverse ligand binding attributes of HRGP indicates that it can
act as an extracellular adaptor protein, connecting with different ligands, especially on cell
surfaces. Also, HRGP can selectively target IgG, which blocks the production of soluble immune
complexes. The most common cell surface ligand of HRGP is heparan sulfate proteoglycan, and
the interaction is also potentiated by elevated Zn2þ concentration and low pH. Recent reports
have shown that HRGP can modulate macrophage polarization and possibly regulate other
physiological processes such as angiogenesis, anti-tumor immune response, fibrinolysis and
coagulation, soluble immune complex clearance and phagocytosis of apoptotic/necrosis cells.
In addition, it has also been reported that HRGP has antibacterial and anti-HIV infection ef-
fects and may be used as a novel clinical biomarker accordingly. This review outlines the mo-
lecular, structural and biological properties of HRGP as well as presenting an update on the
function of HRGP in various physiological processes.
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Introduction

Histidine-rich glycoprotein (HRGP) is an a2-plasma glyco-
protein with single polypeptide chain structure and was
first isolated in 1972, which has a mass of about 75 kDa.1,2

Many vertebrates’ plasma contains HRGP, such as humans,
mice, rats, chickens, rabbits, etc. Several invertebrates
also have HRGP in their blood.2,3 Studies have confirmed
that HRGP is mainly produced by liver parenchymal cells in
mammals.4e6 However, it was found that HRGP can also be
synthesized in immune cells such as monocytes and mac-
rophages,7 and megakaryocytes.8 HRGP circulates in the
blood with a moderately high concentration (about
100e150 mg/ml),6,9,10 and this protein can be secreted from
activated platelets.8 The plasma levels of HRGP is lowest at
birth and it will gradually increase with age.6 Compared
with the contents of other amino acid residues, the rather
high contents of histidine and proline residues in HRGP is
probably the most significant feature of HRGP, each of
them accounting for about 13% of the total amino acid
contents respectively.11 Liver is the main site that HRGP
concentrates, and there is little HRGP around blood vessels,
macrophages or in tumor environment.12 The multidomain
structure is one of the characteristics of HRGP, which
enable HRGP to bind various ligands, interact with diverse
cell surface receptors, and be implicated in regulating
numerous biological processes, especially macrophage po-
larization, angiogenesis, immunity moderation and hemo-
stasis. This review will briefly describe the structure and
ligands of HRGP as well as focusing on the biological ac-
tivities of HRGP and their underlying mechanisms.
Part 1 e A brief description of the molecular
structure of HRGP

HRGP is a 507 amino acid4 multidomain polypeptide con-
sisting of three main domains, including N-terminal domain,
central domain and C-terminal domain. (1) The N-terminal
domain contains two cystatin-like regions, which allows
HRGP as a member of the cystatin superfamily. (2) The
central domain is rich in proline and histidine residues,
which can be simply divided into three part: one histidine-
rich region (HRR) and two proline-rich regions (PRR). The
two PRRs are located on either side of the HRR. In human
form central domain, there are multiple consensus GHHPH
pentapeptide tandem repeats. (3) The C-terminal domain
and the central domain are connected to the cystatin-like
regions in the N-terminal domain by disulfide bonds.13 The
modular structure and disulfide bonds are represented as a
diagram in Fig. 1. The most prominent feature of HRGP
molecule is that it has abnormally high levels of histidine
and proline residues, accounting for about 13% of the total
amino acid content, respectively, and they are mainly
concentrated in HRR and PRR.1,14,15 This is why HRGP is also
called ‘histidine proline rich glycoprotein’ (HPRGP) (Fig. 1).

Part 2 e Ligands of HRGP and associated cell
surface receptors

HRGP ligands

The multidomain structure gives HRGP the ability to bind to
a variety of ligands, such as heme, Zn2þ and a few divalent
metal cations, thrombospondin, plasmin/plasminogen,
heparin/heparan sulfate, fibrinogen, tropomyosin, IgG,
FcgR, C1q.13 High concentrations of Zn2þ and low pH can
enhance the interaction between HRGP and its ligands
under many conditions, such as in damaged tissues and
tumor environments.16

HRGP cell surface receptors

HRGP has a multidomain structure and the ability to bind
ligands, enabling it to bind to different cells through their
surface receptors. Therefore, HRGP can bind to a wide
variety of cells, including T lymphocytes,17,18 murine
erythrocytes,19 EBV-transformed human B cells18 and
platelets20,21 as well as endothelial,22 melanoma,
ovarian,23 fibroblast,24 lymphoma25 and myeloid cell
lines.26 Some receptors are mainly responsible for HRGP
binding to cells, and can be broadly classified into the
following four categories: heparan sulfate, tropomyosin, an
unidentified 50e55 kDa protein on T cells and FcR.13 Hep-
aran sulfate is the main receptor that mediates the binding
between HRGP and cell surface, which is tightly related to
the physiological function of HRGP. The interaction be-
tween HRGP and cell surface receptors provides a molec-
ular basis for various physiological function of HRGP in vivo.

Part 3 e HRGP promotes macrophage M1
polarization and inhibits M2 polarization

Macrophage is one of the main components of innate im-
mune system. Due to their different direction of polariza-
tion and corresponding physiological functions,
macrophages can be divided into different phenotypes.27 In
general, we divide macrophages into M1 and M2 pheno-
types. Typically, M1 macrophage has proinflammatory ef-
fect, while M2 macrophage is an anti-inflammatory
phenotype.28,29 At present, HRGP has been proved to
reduce the polarization of M2 macrophages in both tumor
and inflammatory environment, and may promote the po-
larization of M1 macrophages. However, the underlying
mechanism has only been preliminarily explored in tumor
environment. Moreover, HRGP does not affect the degree of
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Figure 1 Molecule structure of histidine-rich glycoprotein (HRGP). Human HRGP is comprised of three major domains; respec-
tively, a N-terminal domain (two cystatin-like regions within it), a central domain and a C-terminal domain. In the central domain,
the HRR (histidine-rich region) is flanked by two PRR (proline-rich region). The C-terminal domain and the central domain are
connected to the cystatin-like regions in the N-terminal domain by disulfide bonds. GHHPH consensus regions are located in the HRR
(not represented in the figure).
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macrophage infiltration while nearly only changing the
macrophage phenotypes.12

Charlotte et al demonstrated in mice tumor models that
the effect of HRGP on macrophages was mediated by PIGF.12

PIGF (Placental growth factor) is a homologous of VEGF
(vascular endothelial growth factor), which only interacts
with VEGFR1 (vascular endothelial growth factor receptor 1)
to regulate the intermolecular and intramolecular signal
transduction of VEGF.30e32 In tumor microenvironment, PIGF
is secreted mainly by TAM (tumor-associated macrophage)
andthenactsonTAMinanautocrineway,makingTAMpolarize
toward the M2 phenotype. They found HRGP can down-
regulate the expression of PIGF, thereby reducing the M2 po-
larization of TAM and promoting more TAM to polarize to the
M1 phenotype. Interestingly, HRGP could not exert its effect
on macrophage’s polarization without the expression of PIGF
or associated genes. However, while these studies identified
down-regulation of PIGF as a downstream mechanism of
HRGP’s function, given its multidomain structure and binding
characteristics, HRGPmay also be involved in other pathways
to affect this process.12 There are some other possible
mechanisms for HRGP to influence M2 polarization. For
example, in tumor environment, hypoxia conditions can
stimulate M2-like polarization, and HRGP may indirectly in-
fluence TAM polarization by affecting oxygenation33 (Fig. 2).

However, the views on whether the macrophages devi-
ating from the polarization of M2 polarize toward the di-
rection of M1 have not reached a consensus yet. In both
inflammatory and tumor environments, experiments have
demonstrated that HRGP can promote M1 polarization of
macrophages.12,34,35 But some researchers believe that
HRGP induces a “HRGP-specific” polarization pattern
instead of re-inducing TAM into M1 phenotype. In fact, in
tumor microenvironment, although HRGP down-regulates
established M2 makers (Arg1, IL-10, MCR1, CCL17,
CCL22)36,37 and up-regulates M1 makers (IL-1, IL-6, IFNs, IL-
12, CXCL9),38 it also causes changes in gene expression, but
these changes may not be typical. For example, HRGP
down-regulates the expression of cytokines with pro-
inflammatory activity such as TNF-a and IL-1b in M1-TAMs.
IL-1b and TNF-a are M1-polarized macrophage-related cy-
tokines,39 and this manner means that “HRGP-specific M1-
TAMs” and “classical M1-polarized macrophages” may be
different in tumor microenvironment. Nevertheless, under
certain conditions, M1-TAMs expression of TNF-a36,40 and IL-
1b39 may indeed decrease. In addition, since IL-1b pro-
motes angiogenesis and metastasis,41 its reduction in
HRGPþ tumors helps inhibit tumor metastasis and enhance
vascular normalization.12 In general, HRGP-induced polari-
zation gives TAMs the ability to inhibit tumor (vascular)
growth and metastasis (Fig. 2).

The effect of HRGP on macrophage polarization also
indirectly regulates tissue inflammation response. In
chronic hepatitis, the high degree of hypoxia and expres-
sion of HIF-2a increase the concentration of HRGP, leading
to up-regulation of M1 polarization and enhancing the pro-
inflammatory effect of macrophages.35 This process means
that HIF-2a produced under hypoxic condition of liver cells
increases HRGP level, which promotes macrophage polari-
zation toward M1, leading to further exacerbation of liver
injury, making worse prognosis and more likely to progress
to cirrhosis.34 Therefore, HRGP could be regarded as a
therapeutic target and an indicator in liver inflammatory
diseases.

From the above, as HRGP down-regulates anti-inflam-
matory and angiogenic M2-polarized macrophages and up-
regulates pro-inflammatory and anti-tumor M1-polarized
macrophages.12,34 HRGP or PIGF can be used as regulatory
targets in the treatment of inflammation disease and
tumor. For the role of M2-TAM, it can be speculated that
TAM polarized re-induction and PIGF blocking strategy may
serve as an anti-tumor approach.



Figure 2 In the tumor microenvironment, PIGF is secreted mainly by TAM and then acts on TAM in an autocrine pattern,
polarizing TAM to the M2 phenotype. HRGP can downregulate the expression of PIGF, thereby reducing the M2 polarization of TAM
and increasing the M1 polarization of TAM.

384 Y. Pan et al.
Part 4 e HRGP enhances immune function

HRGP inhibits the formation of IIC (insoluble
immune complex)

The secretion of autoantibodies, the formation of IIC and
the resulting tissue damage are the typical pathological
processes of autoimmune diseases including systemic lupus
erythematosus and rheumatoid arthritis.42,43 In these dis-
eases, autoantibodies bind with autoantigens to form IIC,
which deposit in tissues (such as kidney and joint) and
cause subsequent tissue damage.44 C1q is one of the com-
ponents of complement system, which can promote the
formation of IIC by binding C2 domain to IgG. In vitro
experiment found that HRGP could bind to C1q and IgG
respectively through its N-terminal fragments, thus inhib-
iting their interaction and the formation of IIC.44

HRGP can also be involved in regulating the interaction
betweenthe rheumatoid factor and IgG.45Rheumatoid factors
can bind to Fc structures on IgG and play a vital role in the
formation of IIC in certain autoimmune diseases such as
rheumatoid arthritis.46,47 HRGP can inhibit the FceFc inter-
action andmask the rheumatoid factor recognition epitopeon
the IgG, thus inhibiting the formation of IIC.45 Moreover, HRGP
can promote the partial dissolution of formed IIC.

These studies suggest that HRGP may function as an
effective inhibitor of pathological immune complex for-
mation and could be involved in novel therapeutic strategy
in autoimmune diseases.

HRGP enhances clearance of necrotic/apoptotic
cells

Under normal physiological conditions, necrotic and
apoptotic cells are rapidly cleared from circulation and
tissues by phagocytes to prevent exposure of intracellular
antigens and immune stimulating molecules. HRGP’s
multidomain structure allows it to interact with the com-
ponents of this process to regulate the clearance of
necrotic/apoptotic cells.

HRGP has been proved to bidirectional regulate the
expression of FcgR and its associated phagocytic effect in
mice peritoneal macrophages. Under different treatment
of HRGP, the expression level of FcgR and phagocytic
function of peritoneal macrophages in mice were different.
After HRGP treatment for 1e2 h, expression level of FcgR in
macrophages increased, which promoted the phagocytosis
of macrophages. However, after HRGP treatment for
16e48h, the expression level of FcgR decreased, resulting
in declining phagocytosis of macrophages. In this process,
both N-terminal and C-terminal domains of HRGP partici-
pate in the regulation of macrophage phagocytic
function.48,49

Grogani et al demonstrated that HRGP can upregulate
the phagocytic rate of human monocyte derived macro-
phages (HMDM) on apoptotic cells. HRGP was reported to
act as the bridge between the FcgR I expressed by HMDM
and the DNA of apoptotic cells, which promotes phagocy-
tosis of apoptotic cells by HMDM, and HRGP is the key
physiological medium for macrophages to clear apoptotic
cells. Therefore, HRGP-dependent clearance mechanisms
may be activated earlier than other clearance systems such
as C-reactive protein (CRP) or thrombospondin (TSP),
because HRGP can enhance macrophage phagocytosis to
apoptotic cells in both pathological and physiological con-
ditions, while CRP or TSP mediated clearance mechanisms
are mainly activated in the pathological state.50

Jones et al reported that although heparan sulfate was
the most common cell ligand for HRGP, HRGP was able to
bind to cytoplasmic ligands exposed by necrotic cells in a
heparin sulfate independent manner. This interaction is
mediated by the N-terminal fragment of HRGP and can
enhance the phagocytosis of mononuclear cell lines to
necrotic cells. Therefore, HRGP has the distinct charac-
teristic of selective recognition of necrotic cells and may



Pleiotropic and paradoxical effects 385
play a vital physiological role in vivo, which can promote
the phagocytosis and clearance of necrotic cells by
phagocytes.51

HRGP promotes anti-tumor immune response

In tumor microenvironment, the strength of the anti-tumor
immune response is closely related to the tumor prognosis.
The M2 polarization of tumor-associated macrophages
(TAM) can inhibit the activity of DCs, cytotoxic T cells (CTL)
and NK cells to inhibit the anti-tumor immune effect, which
often predicts a poor prognosis of tumor. In contrast, TAM’s
M1 polarization can promote inflammation process, antigen
presentation ability and tumor dissolution, which generally
represents a better prognosis of tumor.39 Charlotte et al
found that HRGP could indirectly regulate anti-tumor im-
mune response by affecting the TAM phenotypes.12 In de-
tails, HRGP can up-regulate the infiltration degree of DCs,
NK cells and CTLs, and enhance their antigen presenting
ability and tumor cell lysis ability at the same time, all of
which contribute to the inhibition of tumor growth.39

Although HRGP can bind to T cells and stimulate their
adhesion in vitro, it is not clear whether HRGP has the
ability to directly promote T cell proliferation and activa-
tion. Therefore, HRGP may indirectly regulate the immune
response mainly through the change of cytokines. As
mentioned above, it was reported that HRGP changed TAM
polarization, inhibited the expression of cytokine IL-10,
which reduced the inhibitory effect of IL-10 on DCs and
macrophages mediated T cell activation.52 At the same
time, up-regulating IL-6, IL-12 and IFN-b expression
contribute to promote the proliferation of T cells and the
activation of DCs/NKs.39,53 HRGP also enhanced the anti-
tumor effect to a certain extent by improving perfusion
and increasing the entry of immune cells into the tumor
matrix and accelerating the clearance of dead tumor
cells.16,54 Therefore, HRGP is a great endogenous immu-
nomodulator to enhance the anti-tumor immune response.

Part 5 e HRGP’s paradoxical effect on
angiogenesis by promoting or inhibiting
angiogenesis under different circumstances

Angiogenesis, which refers to the formation of new blood
vessels from pre-existing capillaries, is one of the
Table 1 Dual effect of HRGP on angiogenesis and anti-angiogen

Angiogenesis HRGP can counteract the antiangiogenic effe
HRGP may help plasminogen/plasmin bind to
movement, thereby promoting angiogenesis

Anti-angiogenesis HRGP can interfere with the interaction betw
between FGFs and FGF receptors, and then b
HRGP inhibits heparinase-mediated FGFs rele
sulfate in ECM
HRGP acts as a direct anti-angiogenic agent b
antiangiogenic signals.
By skewing the polarization of TAM, HRGP red
expression of antiangiogenic cytokines, thus
physiological processes necessary for tumor growth. Under
normal physiological circumstances, mature vessels stay in
a homeostasis, namely, an equilibrium state formed by
angiogenic factors (such as VEGF) and antiangiogenic fac-
tors (such as TSP-1/TSP-2). Physiological and pathological
conditions both can alter this balance and make an impact
on angiogenesis.55 HRGP is not regarded as an angiogenic
factor, but it can affect angiogenesis in many ways. At
present, it is reported that HRGP has promoting or inhib-
iting effects on angiogenesis under different circumstances
(Table 1).

Angiogenesis

Simantov et al found that in certain tumor environments,
HRGP inhibits the antiangiogenic effects of TSP-1 and TSP-
2, thus promoting angiogenesis.56,57 TSP contains a large
number of subtypes, TSP-1 and TSP-2 are two common
subtypes of the thrombospondin family, which have signif-
icant antiangiogenic potential. These two proteins can act
as inhibitors of endothelial cell proliferation, migration,
and tube formation with multiple angiogenic stimuli, and
inhibit angiogenic behavior in various in vivo models.58,59

Both TSP-1 and TSP-2 are identical trimeric glycoproteins
with similar structures but different regulation and
expression patterns. In response to vascular injury and cy-
tokines, activated platelets secrete TSP-1, which will be
deposited in the extracellular matrix by endothelial cell,
smooth muscle cells, and fibroblasts.60 Differently, TSP-2 is
mainly expressed by dermal fibroblasts, and under the cir-
cumstances of skin inflammation and skin carcinogenesis
the protein TSP-2 is upregulated.61 The properdin-like type
I repeat domains (also known as TSR domains) are the key
domains for the antiangiogenic activity of both TSP-1 and
TSP-2.57,62 CD-36 is an 88 kDa transmembrane glycoprotein
expressed on a diversity of cells such as microvascular
endothelial cell,63 which has been considered as the crucial
antiangiogenic receptor for TSP-1 and TSP-2.57,64,65 The
antiangiogenic activity of TSP-1 and TSP-2 requires the
interaction of type I repeat domains on them and CLESH
domains of the receptor CD-36 on vascular endothelial
cells. HRGP also has the CLESH domains structure, which
can interferes with the binding of TSP-1/TSP-2 to CD-36
(the binding of CLESH domains on HRGP and type I repeat
domains on TSP-1/TSP-2 prevents the binding of TSP-1/TSP-
2 to CD36) and inhibits the antiangiogenic signal
esis.

cts of TSP-1, TSP-2 and BAI1
the cell surface and promote endothelial cell migration and

een FGFs and heparin sulfate, thus disrupting the binding
lock the functions of FGFs.
ase by masking the heparinase cleavage site on heparin

y binding to tropomyosin on the cell surface and transmitting

uces the expression of angiogenic cytokines and increases the
exerting an indirect effect on tumor blood vessels.
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transmission of TSP-1/TSP-2.56,57 From this point, HRGP’s
inhibition of the antiangiogenic ability of TSP-1/TSP-2 may
be a promoting factor in tumor progression and metastasis
(Fig. 3).

Related follow-up experiments found that HRGP could
also inhibit the antiangiogenic effect of brain angiogenesis
inhibitor 1 (BAI1) by a similar mechanism.66 BAI1 is a brain-
specific transmembrane protein expressed on brain glial
cells with a length of 1584-amino acid. This protein is shown
to have seven transmembrane fragments and a large
extracellular domain. It is important that there are five TSR
domains in the large extracellular domain of BAI1. Kaur
et al67 have confirmed that the fragment which containing
TSR domain is responsible for the antiangiogenic activity of
BAI1 including inhibiting proliferation, migration, and tube
formation of microvascular endothelial cell (MVEC). Simi-
larly, TSR domain, also called vasculostatin or Vstat120,
mediates BAI1 antiangiogenic effects by interacting with
CD36 CLESH domains as we mentioned above.66 The CLESH
domains of HRGP can specifically bind to Vstat120 (TSR
domain) which eliminate the antiangiogenic effect of BAI1
through interfering with the interaction between Vstat120
and CD36 and counteracting the inhibition effect on endo-
thelial cell migration and tube formation. In addition, in
certain tumor models, HRGP accelerates glioblastoma
tumor growth and contributes to tumor vascularity.66 Thus,
HRGP may play a potential role in promoting tumor pro-
gression in some neoplasms. It is reasonable to speculate
that the special structure of HRGP can make it interact with
other molecules containing TSR domains to produce corre-
sponding effects (Fig. 3).

Furthermore, HRGP has the ability to bind to plasmin-
ogen and cell surface receptors, which is strengthened by
increasing Zn2þ concentration and decreasing pH. The
plasminogen system combined on the cell surface contrib-
utes to promoting cell migration, including angiogenesis.
Therefore, Allison et al found that HRGP may trap plas-
minogen/plasmin to the cell surface and potentially
Figure 3 Angiogenesis effect induced by basic fibroblast growth f
type-1 repeat with the CLESH-1 domain of the signal receptor CD36
preventing the interaction of TSP-1 with CD36, thereby blocking th
mechanism diagrams).
promote endothelial cell migration and movement during
angiogenesis process, although this phenomenon may also
assist many other cell types with invasion.13,23
Anti-angiogenesis

HRGP can prevent the heparan sulfate from acting as a
coreceptor for diverse fibroblast growth factors (FGFs) by
interacting with heparan sulfate on the endothelial cell
surface. Under the interaction with heparin sulfate pro-
teoglycans (HSPGs) on the cell surface, FGFs then can bind
to and activate FGF receptors, thus exerting FGFs biological
activity. HRGP has the ability to compete with FGFs for cell
surface heparin sulfate, thereby weakening FGFs activity to
activate FGF receptors. Obviously, this inhibition is not only
limited to angiogenesis, but also block FGF-dependent
proliferation processes.13,24

HRGP could mask ECM (extracellular matrix) heparan
sulfate’s heparanase cleavage sites to block heparanase
mediated release of angiogenesis growth factors (such as
FGFs) from the ECM. Also, heparan sulfate is an important
component of the ECM and the vasculature basal layer
which functions as a barrier to the extravasation. Cleavage
of heparan sulphate by heparanase may assist in the
disassembly of the ECM and basal layer, and thereby facil-
itate cell migration. Similarly, this inhibition may not be
limited to angiogenesis.13,68

HRGP could also inhibit angiogenesis through its direct
effect on vascular endothelial cells.22,69e71 Specifically,
GHHPH consensus region within histidine-rich region (HRR)
in HRGP mediates the antiangiogenic effect of HRGP.71

Additional studies demonstrated that tropomyosin is the
key HRR-binding ligand on endothelial cells, and under
conditions of increased Zn2þ and/or decreased pH the af-
finity is enhanced.22 Because tropomyosin has no trans-
membrane domain, other proteins on the endothelial cell
membrane may assist tropomyosin in the transmission of
actor (bFGF) is blocked by TSP-1 through the interaction of the
. HRGP also contains a CLESH-1 domain and can bind to TSP-1,
e anti-angiogenesis effect of TSP-1 (TSP-2 and BAI1 are similar
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antiangiogenic signals. Through this interaction, HRGP can
induce activated endothelial cells apoptosis and thus
downregulate cell proliferation to function as an anti-
angiogenic agent.70 Olsson et al also considered that HRGP
may decrease the adhesion between endothelial cells and
vitronectin as well as endothelial cell migration.69 The
same research group69 found that treating fibrosarcoma
mice model with HRGP resulted in downregulation of tumor
angiogenesis and a shrink in tumor volume. Interestingly,
peptides isolated from the HRR also demonstrate the ability
to inhibit angiogenesis and tumor growth.71 Later Olsson
et al found HRGP could induce tyrosine phosphorylation of
focal adhesion kinase and its downstream substrate paxillin
as well as destruction of actin stress fibers in endothelial
cells and inhibit endothelial cells assemble to form vessel
structures.72 Therefore, HRR, the special protein fragment
from HRGP, could be applied as a novel anti-tumor and anti-
angiogenesis substance (Fig. 4).

HRGP can normalize tumor blood vessels and promote
tumor blood vessel maturation, which means HRGP has the
effect of anti-abnormal angiogenesis.12 Typically,
abnormal, hypoperfusion neovascularization is a charac-
teristic of malignancy. These blood vessels impair blood
perfusion, block drug delivery, and accelerate cancer cell
metastasis.73,74 HRGP can be deposited into the tumor
matrix through plasma and platelets,66 which can promote
the normalization of tumor blood vessels, reduce the
number of abnormal blood vessels, facilitate the
Figure 4 HRGP acts as a direct anti-angiogenic agent by bindi
angiogenic signals. Fibroblast growth factor 2 (FGF-2) binds to its ce
on the endothelial cell surface. The HRR domain of HRGP then bind
endothelial cells. Because tropomyosin has no transmembrane doma
tropomyosin in the transmission of antiangiogenic signals. Low pH
HRR and tropomyosin. At physiological pH, this process is mainly dep
concentrations (about 10e50 mmol/L) which is provided by the de
Zn2þ in slightly acidic environment (pH z 6.5). The antiangiogenic
eration and migration, as well as decreased adhesion between end
discussed in Donate et al,71 Guan et al22 and Olsson et al.69
maturation of tumor blood vessels, increase the stability
and tightness of endothelial cells, promote the blood
perfusion of tumor, thus improve the ischemia and hypoxia
condition of tumor, reduce the edema and ischemic ne-
crosis of tumor, and enhance the efficacy of chemotherapy
drugs.12 At the same time, tighter and more stable tumor
vascular endothelial cells help reduce tumor cell metas-
tasis.74 In terms of mechanism, although angiogenesis is not
regulated by PIGF in specific tumor models,75 HRGP down-
regulation of PIGF expression is the main downstream
pathway for HRGP to participate in tumor vascular regula-
tion. Specifically, up-regulation of M2 derived-cytokines
promoting angiogenesis (such as IL-10, CCL22, IL-1b, TNF-
a) and down-regulation of M1 derived-cytokines inhibiting
angiogenesis (such as IFN-b, CXCL10, IL-12) is one of the
causes of abnormal blood vessels in tumors. HRGP can
reduce the expression of PIGF to down-regulate the M2
polarization of TAM and up-regulate the M1 polarization,
thus having an indirect effect on tumor blood vessels.
Theoretically, both M1 and M2 phenotypes are involved in
the regulation of blood vessels, but it was found that the
regulation of blood vessels in tumors is mainly mediated by
M2 phenotype, while M1 phenotype is not significantly
involved in this process. Therefore, the role of HRGP in
normalizing blood vessels and improving perfusion and
oxygenation is mainly related to the down-regulation of M2
phenotype TAM. In addition to the indirect effect of HRGP
on TAM polarization to regulate tumor blood vessels, HRGP
ng to tropomyosin on the cell surface and transmitting anti-
ll surface receptor and induces more expression of tropomyosin
s to tropomyosin and transmits an antiangiogenic signal to the
in, other proteins on the endothelial cell membrane may assist
or the presence of Zn2þ will enhance the interaction between
endent on the presence of Zn2þ, with local increased free Zn2þ

granulating platelets. Binding can also occur in the absence of
effect will induce increased apoptosis, decreased cell prolif-
othelial cells and vitronectin. This figure was based on results
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can also have a direct effect on tumor vascular endothelial
cells. However, studies have indicated that the indirect
effect of HRGP may play a dominant role in tumor
microenvironment.12

Part 6 e HRGP’s dual effect on hemostasis by
promoting or inhibiting hemostasis under
different circumstances

HRGP can interact with many components in the coagula-
tion cascade to affect the coagulation system. Heparin is an
important anticoagulant component in the coagulation
system. HRGP can bind to heparin so that the heparin
released by mast cells at the site of inflammation and
thrombosis cannot inhibit the procoagulant effect of
monocytes.76,77 HRGP can also interfere with the interac-
tion between heparin and antithrombin III, thus decreasing
antithrombin III anticoagulant effect.78e80 Therefore, HRGP
may play a potential role in regulating the anticoagulant
activity of heparin in vivo (Fig. 5).

Ensslen et al successfully constructed HRGP-deficient
mice model and in their model the exon 1 of the initial
point of HRGP gene translation was absent, making mice
blood free of HRGP. In the hemostasis test of this mice
model, HRGP-deficient mice had higher antithrombin ac-
tivity, shorter prothrombin time and less tail truncation
bleeding time. The fibrinolytic system activity was also
more powerful. We can speculate that HRGP has both
anticoagulant and antifibrinolytic effects which may regu-
late platelet function in vivo.81

Plasminogen is a component of the fibrinolytic system
that can be activated and dissolve fibrin clots. HRGP has
been proved that it can bind to lysine binding sites on
plasminogen, thereby interfering with interactions
Figure 5 In the anticoagulant system in vivo, heparin binds to ant
enhances the anticoagulant activity of AT-III, thus accelerating th
lation cascade system. Also, HRGP can bind to heparin so that the
thrombosis cannot inhibit the procoagulant effect of monocytes.
between plasminogen and other components of the fibri-
nolytic system (e.g. fibrin), making HRGP antifibrinolytic.14

This effect of HRGP may extend the duration of fibrin.
Interestingly, however, other studies found that HRGP can
promote the activation of plasminogen and thus enhance
fibrinolysis.82,83 Although the soluble HRGP does not
significantly influence plasminogen activation, fixed HRGP
can bind to plasminogen and increase the affinity of tPA to
plasminogen, thus amplifying the activation effect of tPA
on plasminogen (convert to plasmin) by about 30 times,
promoting the fibrinolytic effect on fibrin clots.83

Part 7 e Other effect of HRGP

HRGP activity is mainly regulated by Zn2D

concentration and pH

The physiological effects of HRGP are largely dependent on
the concentration of Zn2þ and pH (Hþ).13 Generally
speaking, increased Zn2þ concentration or decreased pH
can promote the binding of HRGP to various ligands or cell
surface receptors.13 Morgan et al described that when the
pH of the microenvironment decreased, such as ischemia or
hypoxia, the histidine side chain of HRGP would undergo
protonation, enabling HRGP to bind tightly to negative
charge GAG on the cell surface.84 Subsequent studies also
demonstrated that the microenvironment with low pH and
high Zn2þ concentration was favorable for HRGP binding
and activation of plasminogen.23,83

HRGP has antibacterial activity

HRGP has antibacterial activity against both gram-positive
bacteria (such as Enterococcus faecalis and Staphylococcus
ithrombin III (AT-III), forming heparin AT-III complexes. Heparin
e inactivation of coagulation factors and inhibiting the coagu-
heparin released by mast cells at the site of inflammation and
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aureus) and gram-negative bacteria (such as Escherichia
coli and Pseudomonas aeruginosa). In the study of E. fae-
calis, HRGP would induce E. faecalis cleavage in the pres-
ence of Zn2þ and low pH environment. Heparin, as a ligand
of HRGP, can block the combination of HRGP and bacteria,
thus neutralize the antibacterial activity of HRGP. Further
studies indicated that the HRR structure and heparin
binding domain of HRGP mediate its antibacterial effect,
and the presence of low pH and high Zn2þ can enhance its
antibacterial activity.85

HRGP inhibits HIV-1 infection and its antiviral
activity

HRGP was reported to inhibit HIV-1 infection in a pH-
dependent manner.86 As known to all, immune system is
the main target of HIV. Ezequiel et al found that HRGP
almost completely purged the infection of Ghost cells,
Jurkat cells, CD4þ T cells, and macrophages by HIV-1 at a
low pH (6.5e5.5) but not at a neutral pH. HRGP may
interact with the heparan sulfate on the target cells,
blocking the early post-binding step of HIV-1 infection.
More significantly, by acting on the HIV particle itself,
HRGP induced a toxic effect, which weakens viral infec-
tivity. Vaginal sex is a high-risk transmission route of HIV-
1. Because health women cervicovaginal secretions
maintain low pH values, even after semen deposition, this
finding implies that HRGP might participate in a innate
antiviral mechanism in the genital tract mucosa. Inter-
estingly, in conditions like low pH values, HRGP will also
markedly inhibit the infection of other viruses, such as
herpes simplex virus 2 and respiratory syncytial virus,
suggesting that an acid environment may enable HRGP to
exhibit broad antiviral activity.86

HRGP acts as a clinical biomarker

In clinical studies, HRGP may have the potential to be a
biomarker for sepsis, embryo quality, and breast disease
recognition.87e89 Interestingly, HRGP is one of the few
plasma proteins that will markedly reduce (about 50%)
during the last trimester of pregnancy, and this may reflect
the state of the fetus.90 Although HRGP is not currently
included in the laboratory tests as clinical biomarker,
further research will find its predictive value for more dis-
eases and conditions.

Summary

HRGP is a plasma protein with multidomain structure,
whose interactions with many ligands and cells lay the
foundation for its physiological function in vivo. In a way,
it is a “paradoxical” molecule. HRGP can induce macro-
phage polarization toward M1 phenotype, with HRGP-
specific M1 polarization in pattern in certain circum-
stances. When acting with different ligands, HRGP can
promote or inhibit angiogenesis correspondingly. Also, in
the coagulation system, HRGP can promote or inhibit
coagulation and fibrinolysis under different conditions.
More than that, HRGP has many other known or unknown
functions. This is an interesting and mysterious molecule,
and a lot of its underlying functions are waiting to be
discovered.
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