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Abstract

Background: Virtually all low-grade gliomas (LGGs) will progress to high-grade gliomas (HGGs), including glioblastoma, the
most common malignant primary brain tumor in adults. A key regulator of immunosuppression, fibrinogen-like protein 2
(FGL2), may play an important role in the malignant transformation of LGG to HGG. We sought to determine the mechanism
of FGL2 on tumor progression and to show that inhibiting FGL2 expression had a therapeutic effect.
Methods: We analyzed human gliomas that had progressed from low- to high-grade for FGL2 expression. We modeled FGL2
overexpression in an immunocompetent genetically engineered mouse model to determine its effect on tumor progression.
Tumors and their associated microenvironments were analyzed for their immune cell infiltration. Mice were treated with an
FGL2 antibody to determine a therapeutic effect. Statistical tests were two-sided.
Results: We identified increased expression of FGL2 in surgically resected tumors that progressed from low to high grade
(n ¼ 10). The Cancer Genome Atlas data showed that LGG cases with overexpression of FGL2 (n ¼ 195) had statistically
significantly shorter survival (median ¼ 62.9 months) compared with cases with low expression (n ¼ 325, median ¼ 94.4
months, P < .001). In a murine glioma model, HGGs induced with FGL2 exhibited a mesenchymal phenotype and increased
CD4þ forkhead box P3 (FoxP3)þ Treg cells, implicating immunosuppression as a mechanism for tumor progression.
Macrophages in these tumors were skewed toward the immunosuppressive M2 phenotype. Depletion of Treg cells with anti-
FGL2 statistically significantly prolonged survival in mice compared with controls (n ¼ 11 per group, median survival ¼ 90
days vs 62 days, P ¼ .004), shifted the phenotype from mesenchymal HGG to proneural LGG, and decreased M2 macrophage
skewing.
Conclusions: FGL2 facilitates glioma progression from low to high grade. Suppressing FGL2 expression holds therapeutic
promise for halting malignant transformation in glioma.

Glioblastoma is the most common malignant primary brain tu-
mor in adults, and despite aggressive treatment, it is incurable
(1). Glioblastoma may arise from a more indolent precursor
known as low-grade glioma (LGG). Patients with LGG may sur-
vive for many years, but after transformation into high-grade

glioma (HGG), such as glioblastoma (2), survival rates rapidly de-
cline. As LGGs degenerate to HGGs, they become more immuno-
suppressive (3,4). HGGs are enriched with immunosuppressive
cells such as forkhead box P3 (FoxP3þ) T regulatory cells
(Tregs), myeloid-derived suppressor cells (MDSCs), and
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tumor-associated microglia/macrophages (TAMs) (5–11). An
immunosuppressive tumor microenvironment is also associ-
ated with the mesenchymal (MES) subtype of glioblastoma,
which has a worse prognosis than the less immunosuppressive
proneural (PN) subtype (12). We have shown previously
that reversing immunosuppression in the stroma prolongs sur-
vival in tumor-bearing mice and mitigates tumor progression
(3,4,13–15). The mechanisms that underlie immunosuppression,
which in turn promotes malignant progression of glioma, are
poorly understood.

Fibrinogen-like protein 2 (FGL2), identified by microarray
analysis screening as a putative candidate gene modulating
Treg function (16), regulates both innate and adaptive immunity
(17,18). Cancer cells and interstitial inflammatory cells, includ-
ing macrophages and endothelial cells, have high FGL2 expres-
sion (19–21). Interleukin-2 and interferon-gamma increase
human FGL2 mRNA and contribute to hypercoagulability by in-
ducing tumor angiogenesis and metastasis via cytokine induc-
tion (22). High levels of FGL2 transcripts have been reported in
isolated CD4þ FoxP3þ Tregs (16). Anti-FGL2 antibody can block
the activity of CD8þCD45RClow Tregs (23), indicating that FGL2 is
critical to their function. We recently showed that high levels
of FGL2 expression in glioblastoma induce immunosuppression
by increasing expression of programmed cell death protein 1
(PD-1) and ectonucleoside triphosphate diphosphohydrolase 1.
Thus, FGL2 is a hub for glioblastoma-mediated immunosup-
pression, although its ability to facilitate malignant progression
from LGG to HGG is unknown (24).

We hypothesized that FGL2 may cause malignant progres-
sion in glioma. We investigated the relationship between cases
of malignant progression and survival in patients diagnosed
with glioma to FGL2 expression. We analyzed the effect of FGL2
expression in an immunocompetent murine model to deter-
mine its ability to cause progression from low- to high-grade gli-
oma. Finally, we evaluated the effect of inhibition of FGL2
expression on malignant progression and survival in tumor-
bearing mice.

Methods

Expression Analysis

We determined FGL2 mRNA expression levels in tumors from
patients with LGG or HGG using The Cancer Genome Atlas data
portal (www.cbioportal.org) (25) and the integrated data set of
diffuse gliomas (grades II–IV) (26). We identified tumors charac-
terized by the major phenotypes: proneural and mesenchymal
(27). We used The Cancer Genome Atlas (TCGA) search terms to
categorize patients into two groups: those with FGL2 mRNA ex-
pression levels higher than the normalized mean (overexpres-
sors) and those with FGL2 mRNA expression levels lower than
the normalized mean (low-expressors).

Cells and Tissue Samples

GL261 was obtained from the National Cancer Institute. Cells
were cultured as described previously (24). Ten pairs of matched
LGGs and HGGs from patients whose LGGs underwent malig-
nant transformation were obtained at MD Anderson. The MD
Anderson Institutional Review Board approved the study
(Protocol No. PA14-0709), and waivers of informed consent and
authorization were obtained.

In Vivo Somatic Cell Transfer in Ntv-a Mice

We used the RCAS/Ntv-a system, a mouse model of platelet-de-
rived growth factor subunit B (PDGFB)–driven gliomas (28). For
details, please see the Supplementary Methods (available on-
line). Mice were humanely killed 90 days after injection, or ear-
lier if showing neurological symptoms. The brains were fixed in
formalin, embedded in paraffin, and sectioned for immunohis-
tochemical analysis (IHC). Hematoxylin and eosin staining was
performed to identify tumors. Experiments were approved by
the MD Anderson Institutional Animal Care and Use Committee
(Protocol No. 00000900-RN01).

In Vivo Treatments

Anti-CD25 mAb (250 mg in PBS, PC-6, BioXCell, West Lebanon,
NH) was administered intraperitoneally two days per week. Rat
IgG (Sigma, St. Louis, MO) was used as control. Anti-FGL2 anti-
body treatment (Alpha Diagnostic International, San Antonio,
Texas) was administered with 250 mg in PBS twice weekly, as
previously described (24).

Determination of Tumor Grade

Tumors were graded by a neuropathologist (GNF), blinded to the
vectors injected, using World Health Organization 2016 criteria
(29). LGGs were identified by increased cellularity from infiltrat-
ing tumor cells. HGGs were identified by microvascular prolifer-
ation, or foci of necrosis, or brisk mitotic activity.

The details of the methodology for vector construction,
transfection of DF-1 cells, knockout of FGL2 expression in GL261
cells, GL261 mouse model, Ntv-a mouse model, glioma stem
cells, immunoblot, enzyme-linked immunosorbent assay, flow
cytometry, immunohistochemistry, immunofluorescence, and
ethical statements are provided in the Supplementary Methods
(available online).

Statistical Analysis

The incidence of tumors among mouse groups was assessed us-
ing the chi-square test. Survival statistics were reported using
Kaplan-Meier curves. The log-rank test was used to compare
survival curves. The Student t test was used to determine differ-
ences in antibody expression between injection sets. All statisti-
cal tests were two-sided, and a P value of less than .05 was
considered statistically significant. Statistical analysis was car-
ried out using GraphPad Prism software, version 6 (GraphPad
Software, La Jolla, CA). Mutual exclusivity analysis was per-
formed using www.cbioportal.org, and the log odds ratio and
Fisher exact test–derived P values were reported directly from
the portal.

Results

The Influence of FGL2 Expression on Survival in LGG
and GB

In TCGA patients with glioma (grades II–IV), median survival for
FGL2 overexpressors (n ¼ 332) was much shorter (26.3 months)
than for low-expressors (n ¼ 332, 88.7 months; log-rank test, P <
.001) (Figure 1A). In patients with glioblastoma, median survival
for FGL2 overexpressors (n ¼ 78) was modestly shorter (12.9
months) than for low-expressors (n ¼ 82, 14.2 months; log-rank
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test, P ¼ .41) (Figure 1B). However, in patients with LGG, median
survival for FGL2 overexpressors (n ¼ 195) was statistically sig-
nificantly shorter (62.9 months) than for low-expressors (n ¼
325, 94.4 months; log-rank test, P < .001) (Figure 1C). We also an-
alyzed the first and fourth quartiles of FGL2 expression in LGG
(n ¼ 224) and found a more profound difference in median sur-
vival (log-rank test, P < .001) (Supplementary Figure 1, A and B,
available online). Although absolute FGL2 expression was
higher in patients with glioblastoma than in those with LGG
(Supplementary Figure 2A, available online), the survival disad-
vantage associated with FGL2 expression was substantial for
patients with LGG (almost three years). We also analyzed FGL2
expression in the context of molecular characteristics including
the statuses of the isocitrate dehydrogenase (IDH) gene (either
mutated [MUT] or wild-type [WT]) and the 1p/19q chromosomes
(either codeleted [codel] or noncodeleted [noncodel]) (summa-
rized in Supplementary Figures 3–5 and Supplementary Table 1,
available online). There was no difference in the distribution of
over- and low-expressors in the IDH WT gliomas (Fisher exact
test, P ¼ .05). There was no statistical difference in overall sur-
vival for IDH WT cases between FGL2 over- and low-expressors
(log-rank test, P ¼ .19). Although there are FGL2 over- and low-

expressors in both IDH MUT and WT subtypes in LGG, there was
a statistically significantly higher number of FGL2 overexpres-
sors in the IDH WT group compared with FGL2 low-expressors
(Fisher exact test, P < .001). In all gliomas, we did find a statisti-
cal difference in the IDH MUT cases with respect to overall sur-
vival between the over- and low-expressors (log-rank test, P ¼
.008). In IDH MUT LGGs, we found a statistically significant dif-
ference in survival between FGL2 over- and low-expressors (log-
rank test, P ¼ .01) but not in IDH WT LGGs (log-rank test, P ¼
.24). In both the codel and noncodel glioma cases, there are
over- and low-expressors represented, although we found a sta-
tistically significantly higher number of FGL2 overexpressors in
the noncodel group compared with the codel group (Fisher ex-
act test, P < .001). All IDH MUT codel cases are from the LGG co-
hort, and there was no difference in overall survival in over-
and low-expressors of FGL2 (log-rank test, P ¼ .20). Similarly, we
did not find a statistical difference in survival in the noncodel
LGG cases between the over- and low-expressors of FGL2 (log-
rank test, P ¼ .12). From these results, we observe FGL2 overex-
pression in IDH MUT and WT, codel and noncodel gliomas, al-
though poorer survival is associated with IDH MUT cases. As
the majority of secondary high-grade gliomas evolve from IDH
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Figure 1. The influence of fibrinogen-like protein 2 (FGL2) on survival in low-grade glioma (LGG) and glioblastoma (GB). A) Kaplan-Meier curve showing overall survival

of The Cancer Genome Atlas (TCGA) glioma (grades II–IV) cases stratified by over- or low-expression of FGL2 mRNA (n ¼ 664, log-rank test, P < .001). Median survival in

all TCGA patients with LGG or GB stratified by high or low FGL2 expression. B) Kaplan-Meier curve showing overall survival of TCGA patients with GB stratified by over-

or low-expression of FGL2 mRNA (n ¼ 160, log-rank test, P ¼ .41). C) Kaplan-Meier curve showing overall survival of TCGA patients with LGG stratified by over- or low-

expression of FGL2 (n ¼ 520, log-rank test, P < .001). D) FGL2 expression in a representative human LGG before and after progression to high-grade glioma (HGG).

Representative magnetic resonance images (fluid-attenuated inversion recovery and T1-weighted postcontrast images) at diagnosis and at the time of malignant pro-

gression from a patient are shown. The LGG demonstrates a paucity of FGL2 staining, whereas the subsequent HGG in the same patient demonstrates abundant FGL2

staining (magnification, 400�; scale bar ¼ 50 lm). FLAIR ¼ fluid-attenuated inversion recovery; GB ¼ glioblastoma; LGG ¼ low-grade glioma; MRI ¼magnetic resonance

imaging.
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MUT low-grade gliomas, these results suggest a role for FGL2 ex-
pression in malignant transformation.

We tested the expression of FGL2 in a panel of human LGGs
(n ¼ 10) that transformed into HGG (Figure 1D; Supplementary
Table 2, available online). We found that eight of 10 HGGs had
statistically significantly higher FGL2 expression than their LGG
precursors (P ¼ .02) (Supplementary Figure 2B, available online),
suggesting that malignant transformation may have been asso-
ciated with FGL2 upregulation during the disease course. Taken
together, these results suggest that FGL2 plays a role in promot-
ing malignant progression to HGG.

Expression Level of FGL2 and Glioblastoma Subtypes

Glioblastoma is heterogeneous, including proneural and mesen-
chymal GSCs, with distinct subtypes that exist on a continuum
(30). GSCs recapitulate the genomic landscape of GBMs (27,31).
Like HGGs with a mesenchymal signature, mesenchymal GSCs
display an aggressive phenotype in vitro and in vivo (32). TCGA
glioblastoma data demonstrated higher FGL2 expression in
patients with the mesenchymal subtype (46 of 56, 82.1%) than
in those with the proneural subtype (17 of 56, 30.4%) (data not
shown).

We compared GSC lines and observed statistically signifi-
cantly higher FGL2 expression in mesenchymal GSCs than in
proneural GSCs (Figure 2A). We used enzyme-linked immuno-
sorbent assay to validate FGL2 expression levels in the proneu-
ral (0.45 60.04 ng/mg protein) and mesenchymal (1.2 6 0.3 ng/
mg protein) GSCs (Figure 2B) and confirmed statistically signifi-
cantly higher FGL2 expression in the mesenchymal GSCs (t test,
P ¼ .04). GSCs were characterized for subtype using RNA se-
quencing for CD44, FN1, CHI3L1, and CTGF for the mesenchymal
subtype markers and Olig2, SOX2, SOX9, and PROM1 for the pro-
neural subtype markers (Figure 2C; Supplementary Figure 6,
available online). These results from the TCGA and GSC cell
lines suggest that the mesenchymal subtype of high-grade gli-
oma correlates with increased FGL2 expression.

The Effect of FGL2 Overexpression on Malignant
Progression in Vivo

We expressed FGL2 in Ntv-a mice to evaluate the capacity of
FGL2 to drive malignant tumor progression. The RCAS/Ntv-a
model is suited to study malignant progression in glioma be-
cause endogenous tumors form from glioneuronal precursor

cells in immunocompetent mice (33). Expression of the PDGFB
ligand alone in Ntv-a mice induces predominantly low-grade
tumors recapitulating human LGG. We overexpressed PDGFB
alone, FGL2 alone, or both in Ntv-a mice. FGL2 expression was
verified (Supplementary Figure 7, available online). None of the
mice in the RCAS-FGL2 group developed tumors. In the RCAS-
PDGFBþFGL2 group, median survival was 63 days, statistically
significantly shorter than in the RCAS-PDGFB group (90 days;
log-rank test, P ¼ .003) (Figure 3A). Tumor formation rates and
grades for each group were compared (Supplementary Tables 3
and 4, available online). In the RCAS-PDGFB group, 31 of 32 mice
formed tumors (97.0%). Of these, 22 were low grade (71.0%) and
nine were high grade (29.0%). In the RCAS-PDGFBþFGL2 group,
33 of 37 mice formed tumors (89.1%): nine were low grade
(27.3%) and 24 were high grade (73.0%). The RCAS-PDGFBþFGL2
group had statistically significantly more high-grade tumors
than the RCAS-PDGFB group (chi-square test, P < .001) (data not
shown).

Gliomas, regardless of grade, induced by RCAS-PDGFBþFGL2
had statistically significantly increased CD44 staining compared
with RCAS-PDGFB (t test, P < .001) (Figure 3B), which is consis-
tent with the mesenchymal subtype. In contrast, gliomas, re-
gardless of grade, induced by RCAS-PDGFB showed statistically
significantly higher expression of Olig2, consistent with the pro-
neural subtype compared with RCAS-PDGFBþFGL2 (t test, P <

.001) (Figure 3C). We analyzed the relationship between the ex-
pression of FGL2/CD44 and FGL2/OLIG2 in TCGA LGG cases.
FGL2 expression statistically significantly cooccurred with CD44
(log OR ¼ 1.95; Fisher exact test P < .001) and demonstrated mu-
tual exclusivity with Olig2 (log OR < –3; Fisher exact test, P ¼
.28). Thus, co-expression of FGL2 with PDGFB in Ntv-a mice
induces high-grade gliomas with a mesenchymal phenotype.

The Effect of FGL2 Depletion on Glioma Formation in
GL261 Intracranial Tumors

To confirm the role of FGL2 in glioma formation and progres-
sion, we knocked out FGL2 in GL261 cells. The mRNA expression
level of FGL2 was decreased in sorted green fluorescent protein–
positive GL261-FGL2KO cells compared with GL261 parent cells
(Figure 4A). None of the eight C57/BL6 mice inoculated intracra-
nially with GL261-FGL2KO cells developed tumors, whereas
eight of eight mice injected with GL261 cells developed tumors
(Figure 4B). These results suggest that FGL2 expression is re-
quired for GL261 cells to form aggressive tumors in mice.

Figure 2. Fibrinogen-like protein 2 (FGL2) expression in glioblastoma stem cells and in human tumors. A) Immunoblot analysis of FGL2 expression in proneural (PN/P)

and mesenchymal (MES/M) glioma stem cells (GSCs). Actin was used as the loading control. U87 was used as the positive control for FGL2 expression. B) Confirmation

of FGL2 expression in GSCs using enzyme-linked immunosorbent assay (t test, two-sided, P ¼ .04). Error bars ¼ SD. C) Characterization of GSC lines for PN and MES sig-

natures using RNA sequencing for Olig2 and CD44 markers. FGL2 ¼ fibrinogen-like protein 2; MES/M ¼mesenchymal; PN/P ¼ proneural.
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The Influence of FGL2 Expression on the Recruitment of
Immune Cells to the Tumor Microenvironment

Previously, we showed that FGL2 augments glioma immuno-
suppression by increasing the expression levels of PD-1 and
CD39 in CD45þ leukocytes (24). FGL2 acts as a Treg effector by
suppressing T-cell activities in a FoxP3-dependent manner (16).
We investigated the expression of FoxP3 in FGL2-expressing
tumors to determine the mechanism by which FGL2 facilitates
the transformation of PDGFB-induced LGG to HGG. FoxP3 stain-
ing was statistically significantly higher in the RCAS-
PDGFBþFGL2 group than in the RCAS-PDGFB group (t test, P <

.001) (Figure 5A; Supplementary Figure 8A, available online).
TCGA analysis also showed a statistically significant

co-occurrence of FGL2 and FoxP3 mRNA in glioblastoma (log OR ¼
1.62; Fisher exact test, P < .001) (Supplementary Figure 8B, avail-
able online). In LGGs, FGL2 and FoxP3 also demonstrate statisti-
cally significant co-occurrence (log OR ¼ 2.91; Fisher exact test,
P < .001).

We performed fluorescence-activated cell sorting (FACS)
analysis of Tregs (CD4þFoxP3þ) in both the RCAS-PDGFBþFGL2
and RCAS-PDGFB groups at different time points (Figure 5B).
Tregs are known to populate the microenvironment of HGGs to
a greater degree than LGGs (34). The RCAS-PDGFBþFGL2 tumors
had statistically significantly more immunosuppressive
CD4þFoxP3þ cells than the RCAS-PDGFB tumors from as early as
day 20 in Ntva mice (t test, P ¼ .05). To show that blocking Tregs
could have a therapeutic effect (supporting the inhibition of
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Figure 3. The effect of fibrinogen-like protein 2 (FGL2) overexpression on malignant progression in vivo. A) Kaplan-Meier analysis demonstrating symptom-free sur-

vival in Ntv-a mice from the replication-competent ASLV long terminal repeat with a splice (RCAS) platelet-derived growth factor subunit B (PDGFB), RCAS-

PDGFBþFGL2, or RCAS-FGL2 groups. B and C) CD44 and Olig2 expression in RCAS-PDGFB and RCAS-PDGFBþFGL2 LGGs and HGGs. Immunohistochemical staining of

representative tumor sections (magnification, 400�; scale bar ¼ 50 lm). Left) Scatter plot demonstrating differences in CD44 and Olig2 expression between the two
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Figure 4. The effect of fibrinogen-like protein 2 (FGL2) depletion on glioma formation in GL261 intracranial tumors. A) FGL2 mRNA expression in mock and FGL2-KO

GL261 cells. Glyceraldehyde 3-phosphate dehydrogenase was used for normalization. B) Whole-mount photograph showing tumor occurrence in GL261-FGL2-knockout

(GL261-FGL2KO) mice and the mock GL261 mice. FGL2 ¼ fibrinogen-like protein 2; KO ¼ knockout.
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FGL2 as a therapeutic strategy), we administered CD25 antibody
to Ntv-a mice injected with RCAS-PDGFBþFGL2 (35). Mice
treated with CD25 (n ¼ 10) had a statistically significantly longer
survival than mice treated with IgG (n ¼ 10, log-rank test, P <

.001) (Figure 5C). The incidence of HGGs was also statistically
significantly lower in the CD25 antibody–treated mice compared
with IgG controls. We confirmed the reduction of FoxP3 Tregs in
these CD25 antibody–treated mice both by IHC and FACS analy-
sis compared with IgG control–treated mice (Figure 5, D and E).

Results from the glioblastoma TCGA data analysis shows
that FGL2 expression statistically significantly co-occurs with
immunosuppressive macrophage markers including Iba1 (log
OR ¼ 1.3; Fisher exact test, P < .001), CD11b/c (log OR ¼ 1.63;
Fisher exact test, P < .001), and CD68 (log OR ¼ 2.01; Fisher exact
test, P < .001). To validate TCGA findings, we immunostained
the RCAS-FGL2 and RCAS-PDGFBþFGL2 tumors to determine
the expression of macrophage markers. We observed an in-
crease in expression of microglial markers in RCAS-
PDGFBþFGL2 tumors compared with RCAS-PDGFB tumors
(Supplementary Figure 9A, available online). M2 polarization of
FGL2-induced macrophages was validated by costaining for Iba1
and Arginase 1 in the RCAS-PDGFBþFGL2 and RCAS-PDGFB
tumors. RCAS-PDGFBþFGL2 tumors had statistically signifi-
cantly higher expression of Arginase 1þ/Iba1þ macrophages
than RCAS-PDGFB tumors (Supplementary Figure 9B, available
online). These data suggest that FGL2-mediated immune sup-
pression includes the accumulation of M2 polarized macro-
phages in the tumor microenvironment.

The Effect of FGL2 Inhibition on Overall Survival,
Macrophage Polarization, and Treg Infiltration

To validate the immune-suppressive mechanism of FGL2 in the
tumor microenvironment, extracellular or soluble FGL2 expres-
sion was blocked using anti-FGL2 antibody. Ntv-a mice injected
with RCAS-PDGFBþFGL2 were treated with anti-FGL2 antibody
(24) or IgG control. Tumor progression and immune suppressors
were investigated in treated and control mice beginning three
weeks after inoculation. Anti-FGL2 antibody–treated mice (n ¼
11) had statistically significantly longer median symptom-free
survival (90 days) than control mice (n ¼ 11, 62 days; log-rank
test, P ¼ .004) (Figure 6A).

Associated with increased survival time by anti-FGL2 anti-
body treatment, the expression of CD44 was statistically signifi-
cantly lower in the anti-FGL2 antibody–treated tumors than in
the IgG-treated tumors, whereas Olig2 expression was statisti-
cally significantly higher than control tumors (Figure 6B), indi-
cating maintenance of the proneural subtype in the anti-FGL2
antibody–treated tumors (Supplementary Figure 10, available
online).

Because we found more Tregs in the tumors from the RCAS-
PDGFBþFGL2 group than from the RCAS-PDGFB group, we in-
vestigated whether blocking FGL2 could reduce the number of
Tregs early in the disease course. We treated mice with tumors
induced by RCAS-PDGFBþFGL2 with anti-FGL2 antibody and
quantified CD4þFoxP3þ Tregs at 20 days after treatment. The
anti-FGL2 antibody–treated mice had fewer Tregs at 20 days

Figure 5. The influence of fibrinogen-like protein 2 (FGL2) expression on the recruitment of immune cells to the tumor microenvironment. A) Forkhead box P3 (FoxP3)

expression in replication-competent ASLV long terminal repeat with a splice (RCAS) platelet-derived growth factor subunit B (PDGFB) and RCAS-PDGFBþFGL2 tumors.

Scatter plot demonstrating the difference in FoxP3 expression between the two groups (magnification, 400�; scale bar ¼ 50 lm) among LGGs and HGGs from each injec-

tion set. B) Immunosuppressive CD4þFoxP3þ cells in the tumor microenvironment were analyzed by fluorescence-activated cell sorting at different time points (10, 20,

40, 60, and 80 days). Data are presented as the mean 6 standard deviation (n ¼ 5 mice). An unpaired t test was used to calculate the two-sided P values. C) Kaplan-

Meier curve demonstrating symptom-free survival in Ntv-a mice injected with replication-competent ASLV long terminal repeat with a splice (RCAS) platelet-derived

growth factor subunit B (PDGFB)þFGL2 and treated with anti-CD25 antibody or rat immunoglobulin G (IgG) control starting three weeks after inoculation (n ¼ 10 mice).

D) Immunohistochemical staining of FoxP3 expression between treated and control groups (magnification, 400�; scale bar ¼ 50 lm). E) Flow analysis of the depletion

of CD4þFoxP3þ cells in the CD25 antibody–treated tumor compared with IgG control tumors (n ¼ 5 mice). An unpaired t test was used to calculate the two-

sided P values. FGL2 ¼ fibrinogen-like protein 2; HGG ¼ high-grade glioma; LGG ¼ low-grade glioma; PDGF ¼ platelet-derived growth factor; PDGFB ¼ platelet-derived

growth factor subunit B.
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than the IgG-treated mice, although the difference was not sta-
tistically significant (P ¼ .08) (Figure 6C). This result shows that
anti-FGL2 antibody treatment may successfully mitigate immu-
nosuppression in the tumor microenvironment. The anti-FGL2
antibody–treated tumors also had fewer Arginase 1þ/Iba1þ mac-
rophages (Figure 6D), demonstrating suppressed M2 polariza-
tion and decreased Treg accumulation.

Discussion

The response to immunotherapy in glioblastoma is undermined
by immunosuppressive effectors including FoxP3þ regulatory T
cells, M2 macrophages, immunosuppressive cytokines, immune
checkpoints, MDSCs, and TAMs. FGL2 acts as a Treg effector in a
FoxP3-dependent manner (16,36) and regulates immunity (37).
FGL2 has been associated with suppression of Th1-polarized
immune responses in several models (17,38,39). Although our
results show that FGL2 is sufficient to promote the transforma-
tion of LGGs into HGGs by regulating the tumor immune envi-
ronment, others have shown different roles of FGL2 in
supporting tumor growth. FGL2 stimulates hepatocellular and
prostate tumor cell growth by facilitating angiogenesis via its
prothrombin effect (21,40). In colorectal cancer, FGL2 has been
shown to promote progression and metastasis by inducing
epithelial-to-mesenchymal transition in tumor cells (41).
Contrary to these mechanisms, we showed previously in an
HGG model that FGL2 promotes tumor cell growth through the
induction of immune suppression (24). Here, we investigated
FGL2 expression as a mechanism for malignant progression in

glioma. LGG progression to HGG is known to be associated with
immunosuppression (34,42–44). We show that FGL2 is a key reg-
ulator of transformation of LGG to HGG by inducing a tumor mi-
croenvironment enriched with Tregs and M2-polarized
macrophages. Higher expression of FGL2 in LGG results in poor
survival. FGL2 expression promoted malignant progression by
inducing HGGs consistent with the immunosuppressive mesen-
chymal phenotype and facilitated the accumulation of intratu-
moral Tregs and M2-polarized macrophages (45). Blocking Tregs
or FGL2 expression in these tumors prolonged survival time and
reduced immune-suppressive cells. The FGL2-Ab-treated
tumors were consistent with proneural glioblastoma, whereas
the IgG-treated mice retained immunosuppressive and mesen-
chymal features, demonstrating the fungible nature of the gli-
oma phenotypes (45).

Tumors did not form in the mice after inoculation with the
FGL2 knockout GL261 cells in the present study. In Ntv-a mice,
blocking FGL2 via its cognate antibody prolonged survival, al-
though we did observe tumors in these treated mice, which is
due to the potent effect of PDGFB and FGL2 on inducing gliomas.
We found that FGL2 expressed in CD4þFoxP3þ Treg cells is criti-
cal for the development of immunosuppression in these mice to
facilitate malignant progression.

There are limitations to our study. We relied on transcription
profiling, and there are biases inherent to this technique.
However, we did validate protein expression of FGL2 in a small
sample of tumors that had progressed from low to high grade.
The heterogeneous nature of gliomas makes it difficult to gen-
eralize the possible therapeutic effect of FGL2 inhibition in

Figure 6. The effect of fibrinogen-like protein 2 (FGL2) inhibition on overall survival, macrophage polarization, and Treg infiltration. A) Kaplan-Meier curve demonstrat-

ing symptom-free survival in Ntv-a mice injected with replication-competent ASLV long terminal repeat with a splice (RCAS) platelet-derived growth factor subunit B

(PDGFB)þFGL2 and treated with anti-FGL2 antibody (FGL2-Ab) or immunoglobulin G (IgG) control starting three weeks after inoculation (n ¼ 11 mice). B) CD44 and Olig2

expression in representative IgG control– and FGL2-Ab–treated tumors (magnification, 400�; scale bar ¼ 50 lm). C) Immunosuppressive CD4þforkhead box P3 (FoxP3)þ

cells in the tumor microenvironment were analyzed by fluorescence-activated cell sorting after 20 days of treatment with anti-FGL2 antibody or IgG antibody (control).

Data are presented as the mean 6 standard deviation (n ¼ 4 mice). An unpaired t test was used to calculate the two-sided P values. D) Expression of Arginase 1þ/Iba1þ

cells in the RCAS-PDGFBþFGL2 tumors treated with IgG or anti-FGL2 antibody. Representative immunofluorescence staining for Arginase 1 (red) and Iba1 (green) mac-

rophages (magnification, 400�; scale bar ¼ 50 lm). FGL2 ¼ fibrinogen-like protein 2; HGG ¼ high-grade glioma; LGG ¼ low-grade glioma.
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patients. Although the survival advantage after treatment is ro-
bust in mice, it may not be in patients who have been previously
treated and are on immunosuppressive glucocorticoids.
Further, gliomas are notorious for circumventing the inhibition
of a single pathway or signaling molecule. Finally, the indolent
nature of LGGs means that the timing of treatment may be chal-
lenging. However, it may be possible to initiate treatment when
radiographic changes occur, which often herald the transforma-
tion from low- to high-grade glioma.

Several studies have targeted FGL2 as a potential therapy. Liu
et al. (46) identified peptides that block the biological activity of
FGL2 in vitro. However, none yielded any benefit in blocking tu-
mor progression in vivo (S. Li, PhD. Unpublished Data, 2016).
Notably, antimouse FGL2 monoclonal antibody protects mice
from lethal infective diseases, such as viral hepatitis (47), but this
antibody has not been studied in tumor models. In the current
study, treatment with anti-FGL2 antibody reduced the levels of
immunosuppressive CD4þFoxP3þ cells and mitigated the M2
skew. These findings support targeting the FGL2 pathway to de-
lay or prevent malignant progression in glioma. Other
approaches for targeting FGL2 may include small molecule inhib-
itors of STAT1, C/EBPa, and HNF4 to suppress FGL2 induction in
tumor cells (48–50). Suppressing FGL2 expression in tumor cells
or within the tumor microenvironment holds therapeutic prom-
ise for cancer immunotherapy in glioblastoma.
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