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Abstract

Fibrinogen-like protein 2 (Fgl2), a member of the fibrinogen family, can be expressed as a
membrane-associated protein with coagulation activity or in a secreted form possessing unique
immune suppressive functions. The biological importance of Fgl2 is evident within viral-induced
fibrin depositing inflammatory diseases and malignancies and provides a compelling rationale for
Fgl2 expression to not only be considered as a disease biomarker but also as a therapeutic target.
This article will provide a comprehensive review of the currently known biological properties of
Fgl2 and clarifies future scientific directives.
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Introduction

Although Fgl2 has an embryonic developmental role, Fgl2 expression is usually confined to
T cells, endothelial, and tumor cells. Fgl2 expression can be induced in a variety of
situations but especially within the monocyte-macrophage lineage. Fgl2 expression is
triggered by at least two distinctive signaling pathway cascades - one initiated by viral
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proteins and a second initiated by immune cytokines. The outcome and severity of viral
hepatitis, although initiated by the infection, is directly related to the activity of membrane-
associated Fgl2 in macrophages which then leads to the deposit of fibrin and the
development of necrosis within the liver. In the case of tumor-associated, often secreted
Fgl2, normal haemostatic immune suppressive mechanisms are appropriated by the tumor to
evade immune recognition and clearance — similar to how tumors can also induce expression
of PD-L1 on tumor and stromal cells to engage the inhibitory immune checkpoint molecule
PD-1on T cells. Soluble Fgl2 plays a multimodal role on the immune system and can act as
an effector of Tregs, can suppresses Th1l cytokine IL-2 and IFN-y production while
enhancing Th2 cytokines such as IL-4 and IL-10, and can down-regulate antigen
presentation and maturation of dendritic cell by binding to FcyRIIB, down-regulating CD80
and MHC Il expression and by blocking NF-xB translocation. Furthermore, Fgl2 assumes a
functional role within malignancies to enhance tumor cell proliferation, promote the
coagulation cascade, and induce angiogenesis. Collectively, Fgl2 is suspected to play a key
immune regulatory role in pathogenic infections and cancer progression. Thus, there is
strong rationale for the therapeutic targeting of Fgl2.

1. Structure and Expression

1.1 FGL2 structure

Fgl2 has been identified as a member of the fibrinogen super family, with 36% homology to
fibrinogen B and y subunits (1). Human and murine FGL2 are located on chromosome 7 and
5, respectively, and share 80% homology (2). The FGL2 gene has two exons, with mMRNA
transcripts of 1.5 and 5.0 kb, separated by one 2.2kb intron. Exon | consists of the first 204
amino acids, which includes an additional 7 amino acids in human. The amino terminus of
the Fgl2 protein contains conserved cysteine residues (3), which can assemble into a mature
Fib complex and a-helical structure to enable coiled-coil formation (2). Exon Il includes the
remaining 234 amino acids and encodes a type |1 membrane protein. The two amino acids at
the amino terminus localize to the cytoplasm, and the amino acid 3—-23 within the
transmembrane domain. The extracellular domain contains 416 amino acids at the carboxyl
terminus and also contains a 229 amino acid conserved sequence known as the fibrinogen-
related domain (FRED). Serine 91, 142 and 423 are predicted to be protease active sites (4,
5); the R/G sites at amino acid 49 and 399 could function as the thrombin cleavage sites; and
the R/T at 266 could act as a Factor Xa-sensitive site [2]. The membrane-bound form of Fgl2
contains both the N-terminal domain 1 and C-terminal domain 2. Domain 1, within the
membrane-bound Fgl2 form, accounts for the coagulation activity — especially serine 89,
whereas the secreted form of Fgl2 only contains the C-terminal FRED domain, which is
responsible for the immune regulatory effect (Figure 1) (6). When monoclonal antibodies
are used against the Fgl2 carboxyl terminus, the Fgl2 protein displays a molecular mass of
64kD in reducing SDS-PAGE conditions, and 250-300kD in non-reducing SDS-PAGE
conditions, indicating that Fgl2 naturally forms tetramers via disulfide bonds (7).

1.2 FGL2 expression

Fgl2 knockout neonatal mice have higher death rates due to embryonic heart contractile
dysfunction and rhythm abnormalities (8). The Fgl2~~ mice that are born do appear normal
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at a young age (6—8 weeks) but have lower body weights, smaller kidney size and enlarged
spleens compared to their wild-type littermates (9). Upon further maturation, the mice
develop glomerulonephritis and have high levels of albumin found in the blood and urine (7,
9). These data indicate that Fgl2 is expressed in multiple organs and plays a role during
development. However, postnatal constitutive expression of Fgl2 is most commonly detected
in human and mouse T lymphocytes (2, 7). Although Fgl2 is detected in the supernatants
from T lymphocytes, it is not expressed on the surface of either CD4* or CD8* T
lymphocytes (7), arguing against both membrane-bound and secreted Fgl2 expression.
However, during pathogenic infection, membrane-bound Fgl2 expression is increased on
both endothelial cells and macrophages (2, 7). Yet, this up-regulated expression is not
observed in the liver after a viral infection in BTLA (B and T lymphocyte attenuator)
knockout mice (10, 11). The induced Fgl2 expression co-localized to epithelial cells, CD68*
macrophages, CD11c* dendritic cells (DCs), CD31* endothelial cells and occasional CD3*
T cells (11). High levels of Fgl2 have also been detected in the livers of hepatitis B infected
patients (12). In contrast, the secreted form of Fgl2 is frequently produced by Treg cells
which play an immunosuppressive role on T cell proliferation and DC maturation (13). Fgl2
upregulation is detected in memory T lymphocytes (CD3*/CD45R0*) and during in vitro
culture, but not usually in naive T lymphocytes (CD3*/CD45RA™*) (7). Finally, with IFN-y
and IL-2 stimulation, Fgl2 transcriptional and translational levels are increased by 10-100
folds in HUVEC and THP-1 cell lines (14), suggesting that Fgl2 may contribute to tumor
progression.

2. Fgl2 signaling regulation

Since the pathogenic role of Fgl2 is not entirely understood, data are scarce regarding the
specifics of the activation pathway. As a multifunctional protein, Fgl2 transcription
regulation depends on its function in different cells and during developmental stages. A
comprehensive assessment of basal Fgl2 promoter activity in murine vascular endothelial
cells defined a minimal 119bp region responsible for constitutive Fgl2 transcription. A
complex positive regulatory domain, spanning a 39-bp sequence from —87 to —49 (relative to
the transcription start site), represents a functional cis-DNA regulatory element that interacts
with Oct-1, and Ets-1, Sp1/Sp3 (15). Constitutive expression of Fgl2 transcripts at low levels
are seen in cytotoxic T cells, endothelial, intestinal and trophoblast cells (16, 17), while
specific factors (such as viral infection and cytokines) are required to induce high levels of
Fgl2 expression in other cell types including monocytes/macrophages. For example, IFN-y
induces macrophage expression of Fgl2 whereas TNF-a endothelial cell Fgl2-transcription
(18). The induction of Fgl2 transcription in macrophages involves a STAT 1-dependent
pathway by forming a Sp1/Sp3-STAT1/PU.1 transcriptional complex. Other factors such as
murine hepatitis virus (MHV-3) have been reported to contribute to murine Fgl2
transcription through p38 mitogen-activated protein kinase (MAPK) activation (19) and
interactions with the transcription factor HNF4 a.(Figure 2) (20, 21).

Su et al. (14) reported that high human Fgl2 levels were expressed in both cancer cells and
in interstitial inflammatory cells such as macrophages and vascular endothelial cells. A
strong regulatory region from =712 to —568 (relative to the transcription start site) was
shown to be responsible for Fgl2 gene transcription through c-Ets-2 and MAPK signal
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pathways in response to hepatitis B virus (HBV) protein (22). Whereas the hepatitis B core
regulated c-Ets-2 by the ERK pathway, the HBV X protein regulated c-Ets-2 by the INK
pathway. The MAPK cascades are central signaling pathways that regulate a wide variety of
stimulated cellular processes, including proliferation, differentiation, apoptosis and stress
response. ERK, p38 and JNKs are three core elements in the MAPK pathway that
phosphorylate other protein kinases and transcription factors. In chronic obstructive
pulmonary disease, increased Fgl2 expression was co-localized with up-regulated p-JNK
within the activated alveolar macrophage (22). Furthermore, knockdown of Fgl2 in human
hepatocellular carcinoma cells was accompanied by decreased phosphorylation of ERK and
JNK, whereas overexpression of Fgl2 induced phosphorylation of p38-MAPK and ERK,
involving protease-activated receptor activation (23).

Fgl2 was shown to be expressed at high levels in the lungs of severe acute respiratory
syndrome (SARS) patients which had a physiological role in the immune coagulation of
these patients (24). Molecular analysis of the SARS associated coronavirus (SARS-coV)
identified 13 open reading frames (25). The N protein of SARS-coV mediated regulatory
region from —817 to —467 (relative to the transcription start site) was shown to be
responsible for Fgl2 expression but required C/EBP-a (22).

Collectively, these data suggest that there are at least two pathways, one initiated by viral
proteins and a second initiated by cytokines, which are involved in Fgl2 gene transcription
and subsequent protein expression /in vivo. These might occur simultaneously or sequentially
during infection. Thus, the existence of complex cell type-specific molecular cascades
regulating Fgl2 expression is consistent with the notion that Fgl2 is an important biological
mediator.

3. The role of Fgl2 in immune suppression

3.1 FGL2 suppresses T cell proliferation

Because proliferating T lymphocytes secrete less Fgl2 in comparison to fresh peripheral
blood mononuclear cells, Marazzi et al. suggested for the first time that Fgl2 plays a role in
regulating the function of T lymphocytes (7). Kohno et al. further found that Fgl2 was absent
in T cell leukemia and lymphoma patients (26), implying that the soluble Fgl2 is involved in
T lymphocyte activation. To test this hypothesis, soluble Fgl2 protein was incubated with T
lymphocytes in the presence of anti-CD3 mAb and anti-CD28 mAb or ConA and was found
to completely inhibit T cell proliferation in a dose dependent manner (13). Furthermore,
clinical studies of hepatitis C and hepatitis B patients have shown that increasing levels of
Fgl2 are associated with reduced CD86 expression and impaired T cell activation (16, 27).
Chan et al. also demonstrated that only an antibody targeting the C-terminal FRED domain
was capable of successfully abolishing the Fgl2 inhibitory effect on T cell proliferation,
whereas an antibody against the N-terminal domain failed to do so, proving that the FRED-
containing domain at the C-terminus is responsible for immune suppression (13).

To ascertain how Fgl2 inhibits T cell proliferation, the cytokine profile and the induction of
apoptosis in T cells were examined. Soluble Fgl2 failed to affect T cell survival or induce T
cell apoptosis, revealing that the inhibitory activity of Fgl2 was independent of direct
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cytotoxicity (13). IL-2 is known to induce IFN-y production, which boosts T lymphocytes
proliferation and differentiation (28-30). In contrast, IL-4 and IL-10 down-regulate IL-2
induced T lymphocyte activation (31-33). As expected, in the presence of CD3/CD28 mAb
or ConA stimulation, soluble Fgl2 protein suppressed the production of the immune
activating cytokines IL-2 and IFN-y, while promoting the production of inhibitory cytokines
such as IL-4 and IL-10 (13). This data is consistent with the analysis of the fgl2~/~ mice,
which had increased levels of Thl cytokine such as IFN-y and reduced levels of Th2
cytokine IL-4 (9). Cumulatively, these data suggest that the changes in cytokine profile
induced by Fgl2 might account for the inhibitory effect on T lymphocyte proliferation
(Figure 3).

3.2 FGL2 is an effective molecule of Tregs

In 2003, Fontenol et al. showed that the CD4*CD25*FoxP3™ regulatory T cell population
(Tregs) exert immune suppressive activity in many diseases and maintain self-tolerance to
prevent autoimmunity (34). Tregs suppress immune responses through direct contact,
cytotoxicity and immunosuppressive effector molecules (35). In subsequent studies, Fgl2
mRNA was detected in FoxP3* Tregs (34, 36) and Gavin et al. confirmed several genes
could be amplified by FoxP3, including Fgl2, CD73, CD39 TRAIL and CTLA-4 (37). Fgl2
was also found to be co-expressed FoxP3 in cardiac and liver allograft models, implying
their roles in tolerant liver and heart allografts (38).Both Williams et al. and Zheng et al.
have suggested that Fgl2 acts as a Treg effector molecule to suppress T cell activities in a
FoxP3-dependent manner (39, 40). To clarify this association, Fgl2 transcription was
compared between CD4*CD25* T cells and CD4*CD25~ T cells. In agreement with
previous studies, Fgl2 showed a 6-fold increase in CD4*CD25" T cells (9). Surprisingly, an
increase in the number of Treg cells were observed from fgl2~/~ mice compared to fgl2*/*
mice, which possibly served as a positive feedback to compensate for the loss of Fgl2 (9).
One known function of Tregs is to inhibit the proliferation of effector immune cells. To
assess whether Fgl2 contributed to such an inhibitory effect, Tregs from fgl2*/* and fgl2=/~
mice were co-incubated with stimulated CD4*CD25~ T cells at different ratios. Intriguingly,
the loss of fgl2 partially abolished the Treg inhibitory activity on immune effector cells.
Supplementing this finding was that blockade of Fgl2 by a monoclonal antibody also
impaired the Tregs inhibitory activity. Cumulatively, these observations support the notion
that Fgl2 serves as an effector molecule of Tregs (9).

During pathogen infection, Tregs inhibit effector T cell cytolytic functions (41). Shalev et al.
compared MHV-3 susceptible BALB/cJ mice with resistant A/J mice to reveal the role of
Fgl2 in Treg-mediated immune suppression. Before infection, higher levels of Fgl2
expression and Tregs were observed from BALB/cJ mice relative to A/J mice. After
infection, BALB/cJ mice showed a dramatic increase in the number of liver infiltrating Tregs
as well as Fgl2 expression, which could serve as prognostic markers for disease progression.
Blocking Fgl2 with a monoclonal antibody reduced MHV-3 infected liver damage, extended
survival time and accordingly suppressed viral activities. Furthermore, fgl2~/~ mice, which
showed resistance to MHV-3 infection, turned susceptible to MHV-3 infection when Tregs
from the fgl2*/* background were adoptively transferred (42). Of note, Fgl2 has been shown
to play a key role in abrogating immune responses against a variety of infections including
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hepatitis C virus (HCV) (43), HIV (44), and SARS (24, 45) suggesting this is a generalized
and ubiquitous mechanism. Thus, the levels of soluble Fgl2 in the plasma of patients could
potentially be measured as a prognostic marker for disease progression or moreover
blocking Fgl2 could supplement the treatment of viral infectious diseases.

3.3 FGL2 inhibits DC maturation

Not only does Fgl2 have a biological role in T cell activity and responses, Chan et al. argued
that Fgl2 also influence DCs (13). Interestingly, fgl2~~ mice have 30% more DCs in the
spleens and bone marrow (9). Upon closer examination, soluble fgl2 had no effect on DC
viability or expression of MHC class | or CD86. However, CD80 and MHC class Il
molecules, which play crucial roles in antigen presentation and T cell activation, were
remarkably reduced (13). After LPS stimulation, DCs from fgl2~/~ mice showed higher
expression of CD80 and MHCII compared to fgl2*/* littermates (9). Fgl2*/* mice
reconstituted with fgl2~/~ bone marrow exhibited an increase in proliferating T cells and up-
regulated expression of MHCII and CD80, representing the phenotype of fgl2~/~ mice (9).
DCs that were exposed to soluble Fgl2 failed to induce naive T cell proliferation even after
LPS stimulation; whereas Fgl2 untreated DCs activated T cell proliferation as expected (13).
Thus, soluble Fgl2 suppresses LPS-induced DC maturation.

Liu et al. have purified the Fgl2-Fc recombinant protein to identify its receptor and found
that Fgl2 binds to Raw cells (a murine macrophage cell line), bone marrow -derived DCs
and A20 (a murine B cell lymphoma), but not A2011A1.6 cells (a murine B cell lymphoma)
or EL4 cells (murine T cell). After studying the receptors that are displayed on these cell
lines and using various receptor knockout mice, they concluded that Fgl2 bound to both
FcyRIIB and FcyRIII on antigen presenting cells. They also reported a reduction of CD40,
CD80, CD86 and MHC 11 expression on DCs from FcyRIIB** mice, but not FcyRIIB™~
mice despite these mice having FcyRIII expression, implying that Fgl2-induced DC
inhibition was through binding to FcyRIIB. Furthermore, Fgl2 binding to FcyRIIB positive
B cells induced apoptosis, which was not observed in FcylIB deficient B cells, revealing
Fgl2-induced B cell apoptosis was through binding to FcyRIIB (46). FcyRIIB is a single
chain inhibitory receptor that contains an intracellular ITIM domain (47). Several studies
have demonstrated that the inhibitory effect of FcyRIIB is often dependent on ITIM
phosphorylation, which in turn recruits SHIP to activate phosphatidylinositol (3,4,5)-
trisphosphate (PIP3), triggering the downstream cascade (48-50). However, ITIM-
independent mechanisms of FcyRIIB signaling that induce cell apoptosis have also been
reported (51). In the case of Fgl2-induced inhibition of DC and B cell functions, FcyRIIB
phosphorylation was not observed, suggesting that the signaling is triggered in an ITIM-
independent manner (46). As an alternative, soluble Fgl2 could block NF-xB translocation
into nucleus, resulting in the down-regulation of CD80 and MHC II expression on DCs (13)
and likely their maturation (52, 53). Finally, data is emerging that shows that Fgl2 regulates
adaptive immunity via Th1 and Th2 cytokines. Liu et al. reported Fgl2 was required for IFN-
v and TNF-a induced hepatic apoptosis (54). Specifically, Fgl2 transcription was activated
by IFN-y and IL-2 (54, 55). Cumulatively, these data indicate that Fgl2 has multiple
immune suppressive roles. Given that Fgl2 inhibits immune responses against virus
infection, Fgl2 expression could serve as a prognostic marker of pathogen progression.
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4. FGL2 induced diseases

4.1 Role of Fgl2 in viral-induced inflammation

Fgl2 expression is often associated with virus-induced inflammation in normal organs
especially the liver. In a murine hepatitis model (MHV-3), initial studies revealed that the
severity of liver injury was associated with the procoagulant activity (PCA) of macrophages
(56, 57). Parr et al. reported that MHV-3 infection dramatically up-regulated murine fgl2,
which then contributed to PCA (58), revealing a crucial role of fgl2 in MHV-3 infection-
mediated hepatitis. Follow up studies demonstrated that the kinetics of fgl2 induction
occurred 12-24 hours after MHV-3 infection within macrophage-enriched tissues (10, 17,
59). However, the PCA of fgl2 was detected only in livers in which Fgl2 was expressed on
Kupffer and endothelial cells. The resulting deposit of fibrin in liver sinusoids caused the
liver necrosis (17). In a complementary analysis, Fgl2/fibroleukin knockout mice failed to
induce fibrin deposit and liver necrosis after MHV-3 infection, proving that Fgl2 expression
was the initial factor driving liver necrosis in viral hepatitis (12).

The frequency of IFN-y producing CD8* and CD4* T cells and the titers of total and
neutralizing anti-viral antibodies were increased in Fgl2~/~ mice infected with lymphocytic
choriomeningitis virus relative to wild-type mice (60). This observation may be secondary to
an association of Fgl2 and the negative regulators of T cell activation PD-L1, PD-L2, and
BTLA (61). Fgl2 has been shown to co-localize with PD-L1 and PD-L2 in the liver sections
from patients suffering hepatitis B virus (HBV)-related acute-on-chronic liver failure,
suggesting these three proteins are possible biomarkers in the diagnosis (55, 62).
Interestingly, PD-1 seems to lessen Fgl2-mediated fibrinogen deposit within the liver of
MHV-3 infected mice. In PD-1-deficient mice, the MHV-3 infection resulted in higher
mortality rates compared to wild type littermates. Furthermore, in wild type mice, PD-1 and
Fgl2 did not co-localize within tissues; however the induction of Fgl2 in PD-1 deficient mice
was dependent on IFN-y and TNF-a expression (63) - consistent with previous reports (54,
55). Thus, PD-1 expression inhibits IFN-y and TNF-a expression (64), which are inducers
of Fgl2 expression.

A more in-depth study of patients with viral hepatitis patients showed positive staining of
Fgl2 expression in macrophages, which was associated with fibrin deposit in necrotic liver
tissues, indicating that the PCA of human Fgl2 accounts for the pathogenesis of viral
hepatitis (16). In HBV-related acute-on-chronic liver failure patients, Fgl2 was enhanced
specifically in macrophages, bile ducts and capillaries in necrotic liver tissues with
fibrinogen deposit, while the normal liver tissues were almost absent of Fgl2 expression
(62). Moreover, a dramatic induction of Fgl2 mRNA was observed within chronic HBV
infected patients (12). Fgl2 expression on peripheral blood mononuclear cells has also been
shown to be associated with pathogenesis of viral infected hepatitis (65). Consensus opinion
at this time is that the development of viral hepatitis is initiated by the hepatic viral infection
which then induces and activates the Fgl2 in macrophages which then leads to deposit of
fibrin and the development of necrosis in liver tissues (16). Ultimately, the severity of liver
necrosis is not determined by the viral load, but rather on the induction of Fgl2 and PCA
(56, 57, 66, 67).
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Fgl2 has been implicated to be associated with other types of viral induced inflammation.
One human study showed that Fgl2 levels in the plasma of chronic HCV infected patients
correlated with the severity of liver fibrosis (65). Another study on hepatic ischemia and
reperfusion reported that Fgl2 binding to FcyRIIB receptor on sinusoidal endothelial cells
accounted for the disease (68). Fgl2 expression was also found to correlate with the degree
of pancreatitis-associated liver injury in a rat model (69). Immunohistochemical staining has
also shown that high levels of Fgl2 expression in the respiratory tract were linked to the viral
load of SARS (70). Finally, in a second murine model (A/J) that is virally infected with
MHV-1, Fgl2 expression was found in the lungs (71).

In 2000, Levy et al. proposed that blocking Fgl2 antibodies could potentially be used to
reduce liver injury in patients (16) based on murine studies (66). Alternatively, Fgl2
antisense plasmid DNA can be delivered hydrodynamically to shut down Fgl2 expression as
was the case in a murine MHV-3 infected liver injury model (72). Significantly, this was
shown to reduce fibrin deposition and improve survival times compared to animals receiving
control DNA treatment (72). To further enhance the therapeutic effects, the same group,
using the same antisense DNA delivery strategy, also targeted tumor necrosis factor receptor
(TNFR) — an upstream inducer of Fgl2 expression. This combination resulted in almost
complete abolishment of fibrin deposition and further prolongation of survival (73).
Although there are not yet clinical anti-Fgl2 strategies, Fgl2 is nonetheless a promising
target for hepatitis treatment and can serve as a potential biomarker in the diagnosis of
hepatic pathogenesis.

4.2 Fgl2 contributes to xenograft rejection

Acute vascular xenograft rejection (AVR) often results in the failure of xenotransplantation
between species (74). One of the main features of AVR is fibrin deposition. Fgl2 induction
has been reported during kidney, cardiac and liver xenotransplantation rejection (75-77) and
likely plays a critical role in AVR. More specifically, Fgl2 was shown to be induced on
vascular endothelial cells both /n vitro and in vivo during a pig-to-baboon kidney xenograft
(49). Furthermore, no thrombosis or AVR developed in heart transplants from fgl2~~ mice
relative to fgl2*/~ mice into recipient Lewis rats (76), revealing that fgl2 contributes to AVR-
associated thrombosis. In one mouse heterotopic cardiac transplant study, the use of
blocking anti-fgl2 neutralizing antibodies reduced allorejection and prolonged survival time
(77). In human renal transplantation subjects, biopsies revealed that fgl2 transcription levels
were extremely high in renal tubule cells, infiltrating immune cells and endothelial cells,
which was associated with fibrin deposition during allograft rejection. Thus, targeting Fgl2
could also be a therapeutic approach for treating human allograft rejection (77) and
monitoring tolerance during and after transplantation (38).

4.3 Fgl2 expression is associated with abortion

The prothrombinase activity of Fgl2 has also been observed in a murine abortion model
(43). Fgl2 expression was suggested to account for T-cell dependent spontaneous abortion in
mice, as well as unexpected miscarriages in women (78, 79). By using fgl2~/~ mice, Clark et
al. indicated that fgl2*/~ and fgl2~/~ mice showed much lower abortion rates compared with
the wild type littermates (80). Further, abortions triggered by LPS occurred only in fgl2*/*
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mice, but not in fgl2~/~ mice (80). Blocking Fgl2 can reduce occult losses during pregnancy
(81); however whether this is an operational mechanism for spontaneous abortions in
humans is unknown.

4.4 Fgl2 in other diseases

Because Fgl2 is expressed in many organs, it is beginning to be broadly studied in a variety
of different diseases. For example, Fgl2 has been shown to play a role in the transition from
acute to asymptomatic stages after HIV infection (44) and in MAPK signaling-mediated
Fgl2 induction of activated lung-infiltrating macrophages in chronic obstructive pulmonary
disease (82).

5. Fgl2 in tumors

Based on the documented propensity of tumors to promote clot formation and regulate
immune responses by tissue factor, tissue-type plasminogen activator, urokinase-type
plasminogen activator, TGF-B1, IL-6, and TNF-a, etc (83, 84), Fgl2 expression within
tumors was suspected. Bioinformatics analysis of copy number, mutational status, and
MRNA levels (http://www.cbioportal.org/public-portal), reveals that fgl2 mRNA is
expressed in a wide variety of human tumors. This is supplemented with The Cancer
Genome Atlas (TCGA) data in which Fgl2 mRNA is detected in cervical, pancreatic,
ovarian, uterine, esophageal, melanoma, glioblastoma, head & neck, colorectal, bladder,
lung, prostate, sarcoma, breast, liver, and renal malignancies and acute myelogeneous
leukemia. The alteration frequency of the Fgl2 gene for all cancer sets in the cBioPortal
(Figure 4) was 1.24 + 0.01% (mean + SD), which is comparable to other immune regulators
and pro-coagulation factors such as FOXP3 (1.20 + 0.02%), TGF-p1 (1.16 + 0.02%), TNF-
a (1.17 £ 0.02%), I1L-6 (2.00 + 0.02%), tissue factor (0.96 + 0.01%), and VEGFA (1.57

+ 0.02%). Furthermore, Fgl2 has showed a tendency towards co-occurrence with FOXP3
(odds Ratio: 4.62963) especially within glioblastoma (GBM TCGA 2013) when conducting
mutual exclusivity and co-occurrence analysis. Within malignancies, the overwhelming
majority of Fgl2 alterations are either amplifications or mutations. For the latter, 61
mutations were identified in the cBioPortal of which 15 had a high or medium functional
impact score which assigns a probability that a specific amino acid mutation would alter
protein function. Approximately 20% of the Fgl2 mutations (12 out of 61) resulted in a low
level gain copy-number status and 2% (1 out of 61) resulted in a heterozygous deleted copy-
number.

Fgl2 protein expression levels relative to normal tissue is dependent on tumor type. For
example, Fgl2 is highly up-regulated in solid tumors such as liver, renal, colon, breast, lung,
gastric, esophageal, and cervical cancers (3, 14, 43). In contrast, Fgl2 is down-regulated
acute and chronic adult T-cell leukemia/lymphoma (14, 26). Within the tumors, Fgl2 is
expressed in tumor cells, immune cells (macrophages, NK cells, and CD8* T lymphocytes),
and the vascular endothelium cells of the microvasculature. This expression of Fgl2 can be
modulated especially with immunotherapies. For example, Fgl2 has been shown to be up-
regulated in the evading renal cell carcinoma after DC vaccine treatment (85) and with IFN-
v and IL-2 stimulation (14). The prognostic impact of Fgl2 protein expression, including its
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association with other co-variant markers such as FoxP3, PD-1 and PD-L1, in various
malignancies has not yet been determined and is an area of future investigation.

The functional role of Fgl2 within malignancies has been shown to include the enhancement
of tumor cell proliferation, the promotion of the coagulation cascade, induction of
angiogenesis, and the promotion of immune suppression. Using knockdown of a high Fgl2-
expressing HCCLMB® cell line, Liu et al observed a 2~3 time fold reduction on /n vitro tumor
cell proliferation and /n vivo growth (86). Cell cycle analysis showed that the Fgl2
knockdown caused G1 arrest but not tumor apoptosis. Since Fgl2 is a prothrombinase that
cleaves prothrombin into thrombin — the latter of which is a potent mitogen that can increase
the growth of tumor cells (42), this cumulative data would indicate that the proliferation
effect of Fgl2 on tumor cells is associated with its ability to generate thrombin. Additionally,
in the study of Liu et al, the density of tumor blood vessels and the neovascularization
incubation period was delayed in the Fgl2 knockdown HCCLMG cells implanted /n vivo, a
key observation given that angiogenesis is required for invasive tumor growth and
metastasis. The expression of Fgl2 in tumor tissues has also been shown to be associated
with fibrin deposition in tumor tissues which provides a scaffold for supporting vessel
formation and stimulating endothelial cell proliferation and migration (14, 87). Both
vascular endothelial growth factor (VEGF) and interleukin-8 (IL-8) have been shown to be
important activators of tumor-associated angiogenesis. Interestingly, Fgl2 expression was
found to significantly correlate with VEGF and IL-8 expression in tumor tissues. Within the
context of the Fgl2 knockdown experiments in HCCLMB6 cells, both VEGF and IL-8 were
reduced. However, since thrombin also can up-regulate the expression of many other
angiogenesis-related genes, such as TF, bFGF, VEGF receptors, and MMPs, which can
create a number of pleiotropic responses contributing to increased tumor angiogenesis (88),
it is likely the Fgl2 facilitates tumor angiogenesis by a multiplicity of thrombin-mediated
mechanisms.

Conclusion

Although Fgl2 induced thrombin generation can induce the recruitment of inflammatory
cells to the tumor site; secreted Fgl2 probably mediates an overall immune suppressive
effect on adaptive immunity by down modulating T cell effector function, inhibiting DC
maturation, and inducing apoptosis of B cells [48]. Immune suppression has been
acknowledged to facilitate the development of cancer and progression. Since Fgl2 has been
shown to have an immune suppressive regulatory role in pathogen infection, it is likely to
have one as well on cancer progression — especially since viruses have been shown to have
an etiological role in multiple human malignancies. Ultimately suppressing Fgl2 expression
in tumor cells or within the tumor microenvironment may constitute a potential therapeutic
strategy by reversing tumor-mediated immune suppression and subsequently enhancing anti-
tumor immune effector responses. The distinct association of FoxP3 and Fgl2 within
glioblastoma suggests a particularly attractive possibility to promote immune-mediated
rejection of this cancer by blocking Fgl2 activity. Furthermore, due to the increase of Fgl2
expression in pathological tissues and a secreted serum isoform, Fgl2 has the potential to act
as a diagnostic tool — for early detection of malignancies, tumor progression, allograft
rejection, and viral therapy failure. Currently efforts are underway to devise therapeutics that
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can target Fgl2 that could have clinical utility in the treatment of hepatitis, transplant
rejection and malignancies.
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The molecular structure of Fgl2. Exon 1 is shown in blue and exon 2 in red.
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Figure 2.
Summary of operational signaling pathways that induce expression of Fgl2.
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Figure 3.

Summary of postulated Fgl-2 tumor and immune interactions.

Int Rev Immunol. Author manuscript; available in PMC 2017 July 03.

>



Page 20

Hu et al.

2]

c

§e]

©

nr

s 2
]

©

nnwe

.m0ﬁ|

- s s Q

S oaos=s

o £ 3

=0<=2

[ (voDL) pro1dyy
[l (vOD1) 2e35044
M (qnd voo1) jewai0j0)
M and voo1) 09>
B (voo1) o>
M @nd yod1) WY
B (voo1) v
I (and yo>1) nbs bum
Il (vo>1) ewoln
B (voo1) ouape bunq
I (vo>1) ewodies
B (peoug) ewouejaw
B (voo1) Doyd
N (gnd yod1) 150919

R329CH
3

M (vo>y1) nbs 6um
B (voo1) 22An
I (voDL) 1seaig
I < 0z voo L) wao
I (voo1) Douyd
B OuD>9) iseaig
B (HDIW) 21835014
I (o)1) 5O 2uuain
I 09-1>N
I (O>)SW) ewodies
I (ODYSW) 21eis0id
N (peoug) snbeydos3
RN (gnd yo>)) ouape bunq
I (31eA) ewouRRW
I (peoug) ouape bun
I (9nd v 1) J2ppe|g
I (v0>!) seadued

I (qnd ¥O)D1) 29U 73 peaH
N (v5>.1) %9u 8 pean
I (4>31uaua0) [€332.010)
I (and vo)1) ueueaQ
[ [ [CGRIENRN
I N (qnd yo>1) duuain
I B (o>, ) ueuenO
I o> ) weo
I N o)1) ewouejay
[ N VODL) Yoewiols
I T oD L) 1eammasd

0 1)
T T

o
)
<

8%
6% -

Aouanbauy uonesayy

0% -

e 0 o0 L] [ ]

w
m SUONBINW #

Fibnnogen_C

©
©
>
~
<
o
(=]
w
o .
DD~
53
ERS
s 3
[72]
< E
mn
(]
g8
c D
° =
8 £ g
© \)nn.v
g g
(%)
=}
£ £
o5
c
S =
g
>
E =2
i)
5%
g )m
o Mn\M
N .
= 8
G.l
L £
5 ©
L5
>0
ar
(5]
E o
E &
2 O
o nr
2 S e
) —
3
£
<
5 2
m
mc
<352
0 g =
S 4 £
L &
[ & =
o

Int Rev Immunol. Author manuscript; available in PMC 2017 July 03.

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript



	Abstract
	Introduction
	1. Structure and Expression
	1.1 FGL2 structure
	1.2 FGL2 expression

	2. Fgl2 signaling regulation
	3. The role of Fgl2 in immune suppression
	3.1 FGL2 suppresses T cell proliferation
	3.2 FGL2 is an effective molecule of Tregs
	3.3 FGL2 inhibits DC maturation

	4. FGL2 induced diseases
	4.1 Role of Fgl2 in viral-induced inflammation
	4.2 Fgl2 contributes to xenograft rejection
	4.3 Fgl2 expression is associated with abortion
	4.4 Fgl2 in other diseases

	5. Fgl2 in tumors
	Conclusion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4

