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Abstract
Natural killer (NK) cells safeguard against early tumor formation by destroying transformed target cells in a

process referred to as NK immune surveillance. However, the immune escape mechanisms used by malignant
brain tumors to subvert this innate type of immune surveillance remain unclear. Here we show that malignant
glioma cells suppress NK immune surveillance by overexpressing the b-galactoside–binding lectin galectin-1.
Conversely, galectin-1–deficient glioma cells could be eradicated by host NK cells before the initiation of an
antitumor T-cell response. In vitro experiments demonstrated that galectin-1–deficient GL26-Cit glioma cells are
�3-fold more sensitive to NK-mediated tumor lysis than galectin-1–expressing cells. Our findings suggest that
galectin-1 suppression in human glioma could improve patient survival by restoringNK immune surveillance that
can eradicate glioma cells. Cancer Res; 74(18); 5079–90. �2014 AACR.

I may not have gone where I intended to go, but I think
I have ended up where I needed to be.

–Douglas Adams

Introduction
Natural killer (NK) cells represent the main effector lym-

phocytes of the innate immune system (1, 2). These cells guard
against early tumor formation by eliminating transformed cells
through NK immune surveillance. NK cells interpret signals on
tumor (or virally infected) cells, such as reduced major histo-
compatibility complex I (MHC-I) expression, as a sign of non-
self and/or malignant transformation and lyse such cells when
in the context of certain costimulatory molecules (3, 4). The
mechanisms used by malignant brain tumors, such as glio-
blastoma (GBM), to escape NK-mediated immune surveillance
remain poorly understood.
Galectin-1 (gal-1) is a member of a family of b-galactoside–

binding lectins. Increased gal-1 expression is detected in primary
human prostate, colorectal, bladder, pancreatic, liver, thyroid,
ovarian, uterine, cervical, andbrain cancers, where its expression

is correlated with worse histological grade and poor patient
prognosis (5–14). Because it was first shown that cell surface gal-
1 induces apoptosis in cytotoxicT cells (15), it has beenproposed
that this represents the primary mechanism by which tumor-
derived gal-1 suppresses antitumor immunity (16–21).

Here we report that shRNA-mediated gal-1 knockdown in
glioma cells leads to the rapid accumulation of cytotoxic NK cells
within the brain tumor microenvironment that culminates in
complete tumor eradication in the absenceof anantitumorT-cell
response. The suppression of glioma-derived gal-1 is predicted
to translate into novel therapies for human malignant gliomas
by heightening innate antitumor NK immune surveillance.

Materials and Methods
Animal strains

Six- to 7-week-old female C57BL/6J, B6.129S7-Rag1tm1Mom/J
(i.e., RAG1�/�), andNOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (i.e., NOD-
scid IL2Rgnull or NSG) mice were purchased from Jackson
Laboratory. LEW/SsNHsd Lewis rats (200–240 g) were pur-
chased fromHarlan Laboratories. All animal experiments were
conducted in accordance with procedures approved by the
University Committee on Use and Care of Animals and con-
formed to the policies and procedures of the Unit for Labo-
ratory Animal Medicine at the University of Michigan.

Cell lines and culture conditions
GL26-Cit, CNS-1-Cit, GL26-Cit-NT, GL26-Cit-EV, CNS-1-Cit-

NT, GL26-Cit-gal1i, and CNS-1-Cit-gal1i were cultured in vitro
under humidified conditions in 95% air/5% CO2 at 37�C.
Culture medium for mCitrineþ glioma cell lines consisted of
Dulbecco's Modified Eagle Medium (DMEM) supplemented
with 10% heat-inactivated fetal bovine serum (FBS), 0.3mg/mL
L-glutamine, 50 U/mL penicillin, 50 mg/mL streptomycin, and 6
mg/mL G418 selection antibiotic (for selection of the mCitrine
expression vector) and were passaged every 2 to 4 days. In
addition to the above reagents, GL26-Cit-NT, GL26-Cit-EV,
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CNS-1-Cit-NT, GL26-Cit-gal1i, and CNS-1-Cit-gal1i cells were
also cultured in the presence of 3 mg/mL of puromycin selec-
tion antibiotic to select for shRNA expression vectors.

Engineering GL26-Cit, CNS-1-Cit, and their respective
gal-1–deficient and control shRNA cell lines

The plasmid containing the mCitrine transgene (pRSET-B-
Citrine) was subcloned into the pCI-neo expression vector
backbone to afford a 6,199 base-pair plasmid to constitutively
express mCitrine fluorescent protein (pCI-neo-mCitrine; Sup-
plementary Fig. S1). This plasmid was then used to transfect
both wild-type GL26 and CNS-1 cells. Transfected cells were
sorted for highmCitrine expressionbyFACSandcultured under
G418 selection antibiotic to maintain transgene expression.

To establish the GL26-Cit-gal1i and CNS-1-Cit-gal1i cell
lines, several pLKO.1-puro lentiviral plasmids encoding both
a puromycin resistance cassette and an shRNA hairpin con-
struct specific for rodent galectin-1 (mlgals1, NM_008495)
mRNAwere purchased from Sigma-Aldrich as part of the RNAi
consortium. Each shRNA clone was tested for its ability to
knockdown gal-1 expression. To do so, a rodent galectin-1
overexpression vector pCMV6-kan/neo-mlgals1 (Origene, cat.
no. MC200092) was cotransfected into HEK293 cells along with
each of the aforementioned shRNA constructs. RNAi consor-
tium clone TRCN0000011866 afforded the highest level of gal-1
knockdown and was used to create a second-generation lenti-
viral vector encoding thismlgals1-specfic shRNA (LV-mLgals1-
11866i). GL26-Cit and CNS-1-Cit cells where then transduced

Figure1. Gal-1 knockdown inmouseGL26-Cit glioma cells. A,Western blot analysis for gal-1 inmouseGL26-Cit glioma.GL26-Cit (Cit), GL26-Cit-NT (NT), and
GL26-Cit-gal1i (gal1i). B, confocal micrograph of GL26-Cit glioma immunolabeled with anti-gal-1 antibodies (magenta) after 48 hours in the RAG1�/�mouse
striatum. C, immunocytochemistry for gal-1 in GL26-Cit-gal1i cells and GL26-Cit-NT cells. D, secreted gal-1 ELISA on GL26-Cit-NT and GL26-Cit-gal1i
cells in vitro (��, P ¼ 0.0092; 1,043 � 84.92 pg/mL NT vs. 631.0 � 20.30 pg/mL gal1i; unpaired, two-tailed, Student t test). E, cell growth curve used to
calculate average in vitro cell doubling times forGL26-Cit-NT andGL26-Cit-gal1i cells over 96 hours in vitro. Exponential growth fitting [r(t)¼ r0e

kt] was applied
to estimate respective population doubling times as indicated. F, scratch assay assessing the migration rate of GL26-Cit-gal1i cells compared with
GL26-Cit-NT in vitro over 8 hours. (���, P ¼ 0.0007; 130.58 � 0.92 mm NT vs. 161.49 � 1.32 mm gal1i; paired, two-tailed, Student t test). G, confocal
micrographs of GL26-Cit tumors 48 hours posttumor implantation into the RAG1�/� striatum.

Baker et al.

Cancer Res; 74(18) September 15, 2014 Cancer Research5080

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/74/18/5079/2705883/5079.pdf by guest on 03 O

ctober 2022



with 80 mL of purified LV-mLgals1-11866i for 48 to 72 hours.
Infected cells were continually grown under puromycin
selection to enrich for transduced cells. Similar methodology
was used to create the GL26-Cit-NT, GL26-Cit-EV, and CNS-
1-Cit-NT control cell lines, which also contain the pLKO.1-
puro lentiviral expression vector, but either express a non-
targeting shRNA hairpin construct (Mission shRNA, cat. no.
SHC002; Sigma-Aldrich) or no shRNA insert (empty expres-
sion vector; Mission shRNA, cat. no. SHC001; Sigma-Aldrich).

Primary antibodies used for immunohistochemistry and
SDS–PAGE Western blot analysis
Purified goat polyclonal anti-mouse galectin-1 (5 mg/mL),

cat. no. AF1245, R&D Systems; purified rabbit polyclonal
anticleaved caspase-3 (Asp 175), (1:300), cat. no. 9661; Cell
Signaling Technology; purified hamster anti-mouse CD49b
(DX5), (1:500), cat. no. 103507, BioLegend; purified rat anti-
mouse NKp46 (29A1.4), (1:500), cat. no. 560754, BD Pharmigen;
FITC-conjugatedmouse anti-granzyme B (GB11), (1:1,000), cat.

no. 515403, BioLegend; purified Armenian hamster anti-mouse
CD3e (145–2C11), (1:500), cat. no. 553057, BD Pharmingen.
Note: no surfactants or antigen retrieval steps were used in any
NK cell or T-cell immunolabeling procedure. Detailed immu-
nohistochemical and SDS-PAGE Western blot methodology
can be found in the Supplementary Experimental Procedures
section available online.

Stereotactic tumor implantation and processing of
tissue samples

We have previously described the procedure for stereotactic
intracranial tumor implantation into the rodent brain (22). A
brief description of the stereotactic tumor implantation and
transcardial perfusion procedures can be found in the Sup-
plementary Experimental Procedures section available online.

In vivo immunodepletion studies
The following antibodies were administered intraperitoneally

to deplete NK cells or basophils; permouse: 25 mL of stock rabbit

Figure 2. Gal-1–deficient glioma
cells undergo early caspase-3–
dependent cell death in vivo. A,
Kaplan–Meier survival analysis
of RAG1�/� mice bearing the
indicated intracranial GL26-Cit
gliomas (n ¼ 45; 5 mice/group,
study repeated �3). Mantel–Cox
log-rank test detected a highly
significant survival difference
between GL26-Cit-gal1i and both
GL26-Cit (���, P ¼ 0.0018) and
GL26-Cit-NT (���, P ¼ 0.0015)
groups. B, epifluorescence
micrographsof intracranial gliomas
(green) corresponding to moribund
mice from the survival analysis
shown in A. Residual mCitrine from
GL26-Cit-gal1i tumors (bottom
row) 100 dpi was imaged with
high-magnification confocal
microscopy. C, confocal
micrographs of GL26-Cit-gal1i
tumors immunolabeled with
anticleaved caspase-3 after 3dpi in
the RAG1�/� mouse striatum.
Condensed/fragmented nuclear
chromatin (white asterisks) was
visualized with DAPI (blue). White
arrowheads indicate several
examples of GL26-Cit-gal1i
apoptosis. D, confocal micrograph
of GL26-Cit-gal1i glioma
after complete lysis 9 dpi. E,
representative micrographs of
GL26-Cit-NT and GL26-Cit-gal1i
gliomas in RAG1�/� and NOD-scid
IL2Rgnull mice.
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polyclonal anti-asialo GM1, cat. no. 986-10001,Wako, diluted to a
final volume of 100 mL in ddH2O administered 1 day before and
after tumor implantation, then every 3 days; 100 mL of undiluted
normal rabbit serum (NRS), cat. no. 16120, Life Technologies,
administered 1 day before and after tumor implantation then
every 3 days; 200 mg of mouse monoclonal anti-NK1.1 functional
grade purified (clone:PK136), cat. no. 16-5941, eBioscience dilut-
ed to a final volume of 400 mL in sterile Dulbecco's Phosphate
Buffered Saline (DPBS) pH 7.4 and administered 2 days before
tumor implantation and every 4 days; 400 mL (equivalent to 200
mg) of undiluted purified mouse IgG2a, k isotype control anti-
body (clone:MG2a-53), cat. no. 401502, BioLegend, administered
2 days before tumor implantation and every 4 days; 300 mL
(equivalent to 30 mg) of undiluted rat monoclonal anti-CD200R3
(clone:ba103), cat. no. HM1103, Hycult Biotech, administered 1
day before tumor implantation and every 5 days; 30 mL (equiv-
alent to 30 mg) of purified rat IgG2b, k isotype control antibody
(clone:RTK4530), cat. no. 400637, BioLegend, diluted to a final
volume of 300 mL in 0.9% NaCl administered 1 day before tumor
implantation and every 5 days.

Antibodies used for flow cytometry
NK cells were isolated using mouse monoclonal APC-conju-

gatedNK1.1(PK136),cat.no.17-5941-82,eBioscience;andSyrian
hamster pacific blue-conjugated CD3e (500A2), cat. no. 558214,
BD Pharmingen. Glioma-infiltrating NK cells were analyzed
using PE-conjugated rat anti-mouse CD45 (3OF11), cat. no.
553081, BD Pharmigen; APC-conjugated mouse anti-mouse
NK1.1 (PK136), cat. no. 17-5941-82, eBioscience; Pacific blue-
conjugated syrian hamster CD3e (500A2), cat. no. 558214, BD
Pharmingen; and FITC-conjugated mouse monoclonal anti-
granzyme B (GB11), cat. no. 515403, BioLegend. Details on the

harvesting and processing of whole splenocytes and glioma-
infiltrating lymphocytes can be found in the Supplementary
Experimental Procedures section available online and in
ref. 23.

ELISpot
Details on the ELISpot procedure can be found in the Sup-

plementary Experimental Procedures section available online.

Fluorimetry
Details on thefluorimetry procedure canbe found in the Sup-

plementary Experimental Procedures section available online.

Statistical analysis
Statistical analyses were performed using GraphPad Prism5

(GraphPad Software, Inc.). Data are reported as mean � SEM
and were examined with the statistical tests specified in each
figure legend. Values were considered significant at the P �
0.05 level.

Accession numbers
Mouse GL26 brain tumor microarray data are available at

the NCBI Gene Expression Omnibus (GEO) database (http://
www.ncbi.nlm.nih.gov/geo/), accession number GSE11420.

Results
Gal-1 knockdown in mouse GL26-Cit glioma cells causes
an in vivo–specific growth deficiency

Examination of genome-wide microarray data from mouse
GL26 gliomas harvested from the brains of syngeneic C57BL/6
mice (NCBI GEO database, accession GSE11420) revealed that
gal-1 (mLgals1) was the most abundantly expressed mRNA

Figure 3. Immunodepletion of
NK cells permits gal-1–deficient
glioma growth in RAG1�/�mice. A,
NK-cell depletion with anti-asialo
GM1 in RAG1�/� mice bearing
GL26-Cit-gal1i cells after 16 dpi.
Top epifluorescence micrographs
show the brains of five control
mice. Bottom epifluorescence
micrographs show the brains of
fivemice treatedwithNK-depleting
anti-asialo GM1 (n ¼ 20; five mice/
treatment group; study repeated
2�; results from one study shown).
B, NK-cell depletion with anti-
NK1.1 monoclonal antibodies in
RAG1�/� mice bearing GL26-Cit-
gal1i cells after 16 dpi. Top
epifluorescence micrographs
show the brains of three control
mice. Bottom epifluorescence
micrographs show the brains of
three mice treated with anti-NK1.1
(n ¼ 6; three mice/treatment
group).

Baker et al.

Cancer Res; 74(18) September 15, 2014 Cancer Research5082

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/74/18/5079/2705883/5079.pdf by guest on 03 O

ctober 2022



Figure 4. Gal-1–deficient gliomas are infiltrated with granzyme Bþ NK cells. A, immunofluorescence with anti-granzyme B (GzmB) antibodies on RAG1�/�

mouse brain tissue sections bearing GL26-Cit-gal1i or GL26-Cit-NT gliomas 5 dpi. B, high-power image of an apoptotic GL26-Cit-gal1i cell associated with
an accumulation of GzmB. C, percent area covered by GzmB immunolabeling from 20 distinct 10� brightfield micrographs using ImageJ analytical
software.GL26-Cit-gal1i tumors contain significantlymore immunopositiveGzmB labeling (��,P¼0.0022; 2.35�0.39%gal1i vs. 0.30�0.08%GL26-Cit-NT;
unpaired, two-tailed, Student t test). D and E, flow cytometric analysis of tumor-infiltrating NK cells from the cerebral hemisphere ipsilateral to the
tumor implant in RAG1�/� mice implanted with GL26-Cit-NT (gray histograms) or GL26-Cit-gal1i (red histograms) cells (n ¼ 6; 3 mice/group) after
5 dpi. D, GL26-Cit-gal1i gliomas (red) contain significantly more GzmBþ NK cells (�, P ¼ 0.04; 48.67 � 5.87% gal1i vs. 22.30 � 6.60% NT; unpaired,
two-tailed, Student t test) compared with GL26-Cit-NT gliomas (gray). E, GL26-Cit-NT gliomas (gray) contain NK cells, which are significantly more IFNgþ

(�, P ¼ 0.02; 36.12 � 6.62% NT vs. 12.29 � 1.08% gal1i; unpaired, two-tailed, Student t test) compared with NK cells in GL26-Cit-gal1i gliomas (red). F,
immunofluorescence with anti-CD49b/DX5 antibodies on RAG1�/� mouse brain tissue sections bearing GL26-Cit-NT or GL26-Cit-gal1i gliomas 5 dpi.
White arrows, examples of CD49b/DX5þ NK cells shown at higher power in the insets. G, DAB/peroxidase immunohistochemistry with anti-NKp46
antibodies on RAG1�/� mouse brain tissue sections bearing GL26-Cit-gal1i or GL26-Cit-NT gliomas 5 dpi. Black arrows, examples of NKp46þ NK cells.
Insets provide alternative images at higher power.
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Figure 5. Gal-1–deficient glioma rejection occurs before the onset of antigen-specific adaptive immunity in fully immunocompetent mice. A and B, GL26-Cit-
NT andGL26-Cit-gal1i cells within theC57BL/6J striatum treatedwithNRSor anti-asialoGM1after 5 dpi. C, quantification of tumor areas shown throughout A
and B using ImageJ analytical software. GL26-Cit-gal1i tumors treated with NRS exhibited significantly smaller tumors compared with all other groups
(��, P < 0.001 vs. gal1i treated with NRS; one-way ANOVA followed by Tukey posttest). D and E, flow cytometric plots of splenocytes immunolabeled
with anti-NK1.1 and anti-CD3e from C57BL/6J mice bearing GL26-Cit-gal1i gliomas treated with NRS (D) or ASGM1 (E) for 16 dpi of (n ¼ 4 mice/treatment
group, merged data shown). Average percentages of NK1.1high/CD3elow (i.e., NK cells) and NK1.1low/CD3ehigh (i.e., T cells) in each treatment group are
indicated by the respective red ovals. ASGM1 treatment leads to a significant reduction in NK cells (���, P < 0.0001; 2.31� 0.15 NRS vs. 0.54� 0.05 ASGM1;
unpaired, two-tailed, Student t test) while leaving T cells unaffected (n.s., P > 0.05; 22.90 � 1.51 NRS vs. 21.88 � 1.58 ASGM1; unpaired, two-tailed,
Student t test; F andG, respectively). H, tumorantigen-inducedmouse IFNg ELISpot data. Splenocytes indicated inDandEwere used.Splenocytes frommice
treated with anti-asialo GM1 produced high numbers of IFNg spots, whereas only a nominal number of spots (<50) were produced by splenocytes
fromNRS-treatedmice. The average number of IFNg spots from three technical replicates are shown for eachmouse (red bars). Positive (Con-A) and negative
(no splenocyte) controls are shown (inset). I, GL26-Cit-gal1i brain tumors after 16 dpi corresponding to the animals indicated in D–H. Glioma growth
(white dashed outlines) is seen in each ASGM1-treated mice at various stages of tumor rejection. Conversely, only a scar at the site of the initial tumor
implantation (double white arrowheads) is seen in each of the NRS-treated mice.
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transcript in mouse GL26 glioma. We became interested in
testing the role of this gene in brain tumor growth and invasion
because tumor-derived gal-1 is associated with increasing
malignancy and poor patient prognosis in clinical glioma
(Supplementary Fig. S2; refs. 13 and 14).
We began by determining whether gal-1 was also expressed

by afluorescentlymodified version ofGL26 referred to asGL26-
Cit (24). Western blot analysis and immunohistochemistry
confirmed the expression of gal-1 by GL26-Cit cells (Fig. 1A
and B). We validated five commercially available gal-1–specific
shRNA hairpins from the RNAi consortium (TRC) and chose
the one that exhibited the highest degree of gal-1 knockdown
for stable incorporation into GL26-Cit cells by lentiviral-medi-
ated gene transfer. Resultant gal-1–deficient cells were referred
to as GL26-Cit-gal1i. These cells exhibited a 60% reduction in
gal-1 protein expression relative to control GL26-Cit cells
transduced with lentiviruses expressing a nontargeting shRNA
(GL26-Cit-NT) or an empty shRNA expression vector (GL26-
Cit-EV; Fig. 1A and C and Supplementary Fig. S3A). Two
independent transductions of either gal-1–specific-, or con-
trol-, shRNA hairpins were performed (Supplementary Fig. S3).
To characterize the growth andbehavior of GL26-Cit-gal1i in

vitro, we first performed ELISA analysis for secreted gal-1,
which revealed that GL26-Cit-gal1i cells release half as much
gal-1 into cell culture media compared with equivalent num-
bers of GL26-Cit-NT (Fig. 1D). We also determined the average
cell doubling time of GL26-Cit-gal1i cells compared with GL26-
Cit-NT over a 96-hour growth period starting from an initial
seeding density of 4.8 � 102 cells per cm2. Both cell lines
displayed cell doubling times of approximately 16 hours (Fig.
1E) with no significant differences in the rate of spontaneous
apoptosis (Supplementary Fig. S4). In vitro scratch assays were
performed to evaluate the migration speed of GL26-Cit-gal1i
cells compared with GL26-Cit-NT. GL26-Cit-gal1i cells exhib-
ited a nearly 25% increase in migration distance compared
with GL26-Cit-NT when cultured on fibronectin, a binding
partner for heterotypic gal-1 interaction (Fig. 1F; ref. 25).
To assess GL26-Cit-gal1i growth in vivo, we implanted

3 � 104 cells into the striatum of RAG1�/� mice (26) and
compared their invasion characteristics to control GL26-Cit,
GL26-Cit-EV, and GL26-Cit-NT cells after 48 hours. We used
RAG1�/� mice, which do not produce mature T and B cells, to
avoidantigen-specificadaptive immunityagainstmCitrinefluo-
rescentprotein sonot to obscureour analysis of tumor invasion.
Tumor morphology was analyzed by fluorescence confocal
microscopy of tumor-derived mCitrine. Control GL26-Cit cell
lines expressing normal gal-1 levels displayed a diffuse growth
patternindicativeofperivasculartumorinvasion,whereasGL26-
Cit-gal1i cells remained confined to the site of initial tumor
implantation (Fig. 1G). This effect was quantified by comparing
themorphologies of GL26-Cit-gal1i gliomas with controls using
ImageJ analytical software (Supplementary Fig. S5).

Gal-1–deficient glioma cells undergo early caspase-3–
dependent cell death upon implantation into the
RAG1�/� mouse brain
Encouraged by our observation that GL26-Cit-gal1i glioma

cells fail to invade the mouse brain, we wished to test whether

gal-1 suppression would improve the median survival of mice
bearing GL26-Cit glioma. Kaplan–Meier survival analysis was
carried out onRAG1�/�mice implantedwith 3� 104GL26-Cit-
gal1i, GL26-Cit, or GL26-Cit-NT glioma cells to compare their
survival rates (Fig. 2A). All mice in the GL26-Cit and GL26-Cit-
NT groups became moribund by day 20 posttumor implanta-
tion, yet each mouse implanted with GL26-Cit-gal1i cells
survived 100 days posttumor implantation (dpi). Mice
implanted with GL26-Cit-gal1i cells were then electively eutha-
nized to assess tumor burden. Although GL26-Cit and GL26-
Cit-NT cells formed tumors comprising most of the ipsilateral
striatum after 20 days in vivo, only nonviable remnants of
mCitrine were found in the brain ofmice implantedwithGL26-
Cit-gal1i cells after the 100th day in vivo (Fig. 2B).

To characterize the fate of intracranially implanted GL26-
Cit-gal1i cells, we analyzed tumors corresponding to seven
time-points over a 9-day growth period (n ¼ 21; 3 mice/time-
point). Fluorescence immunohistochemistry for cleaved cas-
pase-3, a major downstream effector caspase-mediating apo-
ptotic cell death (27), revealed large numbers of GL26-Cit-gal1i
cells undergoing apoptotic cell death, especially at the invasive
tumor margin, within 3 days of tumor implantation (Fig. 2C).
Later tumors exhibited exacerbated lysis culminating in

Figure 6. Gal-1–deficient rat CNS-1-Cit glioma cells fail to form
intracranial tumors in syngeneic Lewis rats. A, Western blot analysis for
gal-1 in rat CNS-1-Cit glioma. Cit, CNS-1-Cit; NT, CNS-1-Cit-NT; gal1i,
CNS-1-Cit-gal1i. B, dual-channel epifluorescence 5� mosaic
microscopy of Lewis rat brain sections bearing CNS-1-Cit-NT or CNS-1-
Cit-gal1i 8 dpi. Dashedwhite boxes in the top twomicrographs are shown
at higher magnification for clarity. White arrows in the GL26-Cit-gal1i
example point to the nonviable tumor remnant.
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Figure 7. Gal-1–deficient glioma cells are sensitized to NK-mediated tumor lysis. A, change in fluorescence intensity signals (DRFU) from GL26-Cit-gal1i or
GL26-Cit-NT cells after 4-hour coincubationwith splenic-derived RAG1�/�NK cells stimulated overnight with the indicated concentrations of IL12/15. GL26-
Cit-gal1i cells lysed more readily in response to NK cells stimulated with all IL12/15 concentrations above 312.5 pg/mL (�, P < 0.05 vs. GL26-Cit-NT;
two-way ANOVA). B, flow cytometric analysis for GzmBþ NK cells after overnight culture in increasing concentrations of IL12/15. Linear regression analysis
comparing IL12/15 concentration with % GzmBþ NK cells (R2 ¼ 0.9397). (Continued on the following page.)
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complete tumor lysis after 9 days in vivo (Fig. 2D). Interestingly,
antibodies against cleaved caspases 8 and 9, initiator caspases
of the extrinsic and intrinsic caspase cascades, respectively,
failed to detect activated upstream caspases (data not shown),
suggesting that pro-capase-3 was being cleaved directly.
We considered that the innate immune systemmight play a

role in the regression of GL26-Cit-gal1i glioma in the RAG1�/�

model. To test this hypothesis, we implanted GL26-Cit-gal1i
cells into the striatum of NOD-scid IL2Rgnull (i.e., NSG) mice, a
mouse strain lacking both innate and adaptive immunity (28),
for comparison with GL26-Cit-NT cells (n ¼ 6; 3 mice/group).
We reasoned that if the RAG1�/� innate immune system was
responsible for GL26-Cit-gal1i regression, then GL26-Cit-gal1i
tumor growth should be restored on implantation into NSG
mice. Our hypothesis was substantiated, as 3 � 104 GL26-Cit-
gal1i or GL26-Cit-NT cells both formed lethal brain tumors in
NSGmice after 16 days in vivo (Fig. 2E). The combined results of
GL26-Cit-gal1i rejection in RAG1�/�mice, and the restoration
of lethal tumor growth in NSG mice, strongly implicated the
innate immune response in the acute rejection of intracranial
GL26-Cit-gal1i glioma.

NK cells mediate the acute rejection of intracranial
gal-1–deficient glioma
NK cells lyse tumor target cells through the release of

granzyme B (GzmB), an enzyme that directly cleaves pro-
caspase-3 (29–31). Because our data had shown that GL26-
Cit-gal1i tumors were positive for cleaved caspase-3, yet neg-
ative for activated upstream initiator caspases-8 and -9, we
questionedwhether NK cells are responsible for GL26-Cit-gal1i
rejection in RAG1�/� mice. We therefore treated RAG1�/�

mice bearing GL26-Cit-gal1i glioma with anti-asialo GM1, an
antiserum validated by ourselves (Supplementary Fig. S6A and
S6B), and others (32), to depleteNKcells inmice, orwithNRS as
a negative control. Mice were euthanized 16 dpi and their
brains were imaged using epifluorescence microscopy. Treat-
ment with anti-asialo GM1 caused the formation of large
intracranial GL26-Cit-gal1i tumors, whereas treatment with
NRS control failed to do so (Fig. 3A).
We tested whether the growth of GL26-Cit-gal1i glioma per-

mittedbyanti-asialoGM1wasmediatedbyoff-targetdepletionof
basophils aspreviouslydescribed (33).CohortsofRAG1�/�mice
was treated with anti-CD200R3 (clone: Ba103), a monoclonal
antibody validated for in vivo depletion of basophils (34) or rat
IgG2bisotypecontrolantibodiesatanequivalentdose,route,and
schedule. Both anti-CD200R3 and rat IgG2b isotype control
antibodies failed to permit intracranial GL26-Cit-gal1i tumor
growth in RAG1�/� mice after a 10-day growth period (Supple-
mentary Fig. S6C), indicating that basophils are not responsible
for gal-1–deficient glioma rejection in RAG1�/� mice.

We confirmed our results with anti-asialo GM1 using puri-
fied functional-grade anti-NK1.1 (clone: PK136; ref. 35), an
alternative monoclonal antibody validated for in vivo NK
depletion in mice on a B6 background. RAG1�/� mice treated
with anti-NK1.1 also formed large GL26-Cit-gal1i tumors of
equivalent size to those obtainedwith anti-asialoGM1 (Fig. 3B).

Gal-1–deficient gliomas aremore heavily infiltratedwith
granzyme Bþ NK cells

We next sought to evaluate the presence of glioma-infiltrat-
ing NK cells. We implanted 3� 104 GL26-Cit-gal1i or GL26-Cit-
NT cells into the striatum of RAG1�/� mice and allowed for 5
days of tumor growth (n¼ 6; 3mice/group).Mouse brainswere
harvested, sectioned, and immunolabeled with GzmB-specific
antibodies. Quantitative analysis revealed that GL26-Cit-gal1i
tumors contain nearly 8 times more GzmB compared with
GL26-Cit-NT (Fig. 4A–C).

Because RAG1�/� mice do not produce mature T lympho-
cytes, the GzmB signal seen in GL26-Cit-gal1i tumors was
reasoned to be NK specific. To confirm this, we performed
multicolor flow cytometric analysis on glioma-infiltrating NK
cells using antibodies against CD45, NK1.1, CD3e, GzmB, and
IFNg after 5 days of in vivo growth in the RAG1�/�mouse brain.
GL26-Cit-gal1i tumors contained significantly higher percen-
tages of GzmBþNK cells compared with GL26-Cit-NT (48.67�
5.87% gal1i vs. 22.30� 6.60%NT; Fig. 4D), whereasGL26-Cit-NT
gliomas contained significantly higher percentages of IFNgþ

NK cells (36.12 � 6.62% NT vs. 12.29 � 1.08% gal1i; Fig. 4E).
Further confirmation of tumor-infiltrating NK cells was
obtained through immunohistochemistry with alternative
NK-specific antibodies CD49b/DX5 (Fig. 4F) and NKp46 (Fig.
4G), which indicate thatNKcells are capable of infiltrating both
NT and gal1i gliomas.

NK cells eradicate gal-1–deficient glioma before the
initiation of an adaptive immune response

Wenext investigated the effect of NK cells on the rejection of
gal-1–deficient glioma in fully immunocompetent hosts. We
implanted 3� 104 GL26-Cit-gal1i or GL26-Cit-NT cells into the
striatum of wild-type C57BL/6J mice and treated these mice
with anti-asialo GM1 or control serum for 5 days before
sacrifice (n ¼ 12; 3 mice/group/treatment). Restriction of our
analysis to the first 5 dpi allowed us to isolate the innate
immune response, as antigen-specific adaptive immunity does
not peak until �10 to 14 dpi (36–40). Mice implanted with
GL26-Cit-NT cells formed equivalently sized tumors after 5
days of growth regardless of treatment with anti-asialo GM1 or
control serum (Fig. 5A). However, mice implanted with GL26-
Cit-gal1i only formed tumors similar in size to GL26-Cit-NT
when treated with NK-depleting anti-asialo GM1 (Fig. 5B). We

(Continued.) C, linear regression analysis comparing the percentage of GzmBþNK cells and% tumor cells lysis in GL26-Cit-gal1i cells andGL26-Cit-NT cells.
D, sigmoidal dose–response curve fitting of log-transformed IL12/15 concentration versus the percentage of tumor lysis. Calculated EC50s for NK-
mediated cytotoxicity are shown. E, 4-hourNK-mediated cytotoxicity assay using splenic-derivedNKcells fromC57BL/6Jmice targetingGL26-Cit-gal1i cells
at a 20:1 E:T ratio. The presence of increasing concentrations of recombinant mouse gal-1 protein fails to inhibit NK-mediated tumor lysis in response
to stimulation with 10,000 pg/mL IL12/15 (n¼ 3 wells/group). F, propidium iodide NK viability assay on stimulated or unstimulated NK cells in the presence of
recombinant mouse gal-1 protein. Increasing concentrations of recombinant gal-1 protein fails to induce apoptosis in both NK populations. Unstained
negative control (gray histograms) and staurosporine-treated positive control (red histograms) are shown.

NK Cells Eradicate Gal-1–Deficient Glioma

www.aacrjournals.org Cancer Res; 74(18) September 15, 2014 5087

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/74/18/5079/2705883/5079.pdf by guest on 03 O

ctober 2022



quantified this effect by calculating the average tumor area
in each treatment group using ImageJ analytical software
(Fig. 5C). GL26-Cit-gal1i tumors treated with control serum
were significantly smaller than those in the 3 other treatment
groups. This result shows that the NK cells from fully immu-
nocompetent hosts are capable of efficiently eradicating gal-1–
deficient glioma.

We then asked whether the innate immune system could
effectively eliminate GL26-Cit-gal1i glioma before the initia-
tion of an antigen-specific adaptive immune response. To
address this, we implanted 3 � 104 GL26-Cit-gal1i cells into
the striatumofwild-typeC57BL/6Jmice, and treatedmicewith
either anti-asialo GM1 or control serum for 16 days before
sacrifice to provide enough time for the onset of antigen-
specific adaptive immunity. The brain and spleen of each
mouse were freshly harvested at the time of sacrifice and a
fraction of total splenocytes from each mouse was immuno-
labeled with anti-NK1.1 and anti-CD3e antibodies to assess NK
cell depletion by flow cytometric analysis. Mice treated with
anti-asialo GM1 exhibited a >4-fold reduction in the average
percentage of splenic-derived NK cells without altering the
average percentage of T cells (Fig. 5D–G).

The remaining splenocytes were used in antigen-induced
ELISpot analysis to evaluate the number of splenocytes secret-
ing IFNg in response to GL26-Cit-gal1i lysate after 48 hours in
vitro. This assay served as a surrogate indicator of the degree of
adaptive immune activation elicited against GL26-Cit-gal1i
brain tumors over the 16-day growth period. ELISpot results
revealed that more splenocytes from mice treated with anti-
asialo GM1 secreted IFNg in response to addition of GL26-Cit-
gal1i lysate compared with those treated with NRS (Fig. 5H).
This suggested that GL26-Cit-gal1i tumors were present in the
brain long enough to be recognized by the adaptive immune
response in mice depleted of NK cells. However, the paucity of
splenocytes secreting IFNg in response to GL26-Cit-gal1i lysate
from mice treated with control serum indicated that NK cells
eradicateGL26-Cit-gal1i tumors before recognition by antigen-
specific antitumor immunity. Analysis of corresponding brain
tumor size confirmed this notion by showing that gliomaswere
present in the brains of mice treated with anti-asialo GM1,
whereas no tumorswere seen in the brains ofmice treatedwith
NRS (Fig. 5I). We observed a strong inverse Pearson's product–
moment correlation coefficient (r ¼ �0.91) between the aver-
age number of IFNg spots from our ELISpot analysis and the
corresponding tumor size inmice treatedwith anti-asialoGM1.
We conclude that reductions in brain tumor burden in mice
lacking NK cells correlates with the magnitude of antigen-
specific adaptive immunity. Immunohistochemistry with anti-
CD3e antibodies revealed that only the mice treated with anti-
asialo GM1 contained brain-infiltrating T cells (Supplementary
Fig. S7).

Gal-1–deficient rat CNS-1-Cit glioma cells fail to grow
intracranially

We have asked whether gal-1–deficient glioma of other
species fail to grow intracranially. For this, we validated gal-1
expression in fluorescently modified rat CNS-1 glioma cells
also expressing mCitrine fluorescent protein, referred to as

CNS-1-Cit. Gal-1 expression was silenced through stable incor-
poration of gal-1–specific shRNA by lentiviral-mediated gene
transfer to generate CNS-1-Cit-gal1i. CNS-1-Cit-gal1i cells
exhibited a 50% reduction in gal-1 protein expression relative
to control CNS-1-Cit cells infected with lentiviruses expressing
a nontargeting shRNA referred to as CNS-1-Cit-NT (Fig. 6A).
We implanted 3 � 104 CNS-1-Cit-gal1i or CNS-1-Cit-NT cells
into the striatum of syngeneic Lewis rats and electively eutha-
nized after 8 dpi to preclude the onset of an adaptive antitumor
immune response. Although CNS-1-Cit-NT cells formed viable
tumors in each rat brain after the 8-day growth period, CNS-1-
Cit-gal1i tumors were completely rejected, leaving remnants of
mCitrine at the site of initial tumor implantation (Fig. 6B). We
conclude that gal-1 suppression sensitizes glioma of diverse
species to innate immune attack.

Gal-1–deficient glioma cells are sensitized to
NK-mediated cytotoxicity in vitro

We next examined the efficiency of NK-mediated gal-1–
deficient tumor lysis in vitro. Splenic-derived NK cells were
isolated from tumor-na€�ve RAG1�/� mice by FACS and deter-
mined to be >95% pure (Supplementary Fig. S8). NK cells were
prestimulated overnight in round-bottomwells with 8 concen-
trations of interleukin 12 (IL12) and interleukin 15 (IL15) from0
to 10,000 pg/mL of each cytokine. Stimulated NK cells were
addedtobothGL26-Cit-gal1iandGL26-Cit-NTgliomacellsatan
effector-to-target (E:T) ratio of 20:1 and incubated for 4 hours at
37�C/5% CO2. Although unstimulated NK cells failed to induce
lysis in either glioma cell line, GL26-Cit-gal1i cells lysed more
readily after the 4-hour co-incubation with NK cells stimulated
withIL12/15concentrationsabove312.5pg/mL(Fig.7A).Linear
regression analysis comparing IL12/15 concentration with the
resultant percentage of GzmBþ NK cells after overnight stim-
ulation revealed an R2 value of 0.94 (R2 ¼ 0.94), demonstrating
that IL12/15 stimulation strongly correlates with GzmB pro-
duction by splenic-derived NK cells (Fig. 7B).

Linear regression analysis also revealed a positive cor-
relation between the percentage of GzmBþ NK cells and
the percentage of tumor lysis in the Gl26-Cit-gal1i group
(R2 ¼ 0.92), which were less correlated in the GL26-Cit-NT
group (R2 ¼ 0.74; Fig. 7C). We interpret this result as an
indicator of NK cytotoxic potential; how other NK proteins
relate to tumor NK cytotoxicity remains to be determined (41,
42). The reduced correlation between GzmB expression and
tumor lysis in the GL26-Cit-NT group suggested that gal-1
expression imparts glioma cells with intrinsic resistance toNK-
mediated tumor lysis. A sigmoidal dose–response fitting of log-
transformed IL12/15 concentration versus percentage tumor
lysis revealed corresponding EC50 values for IL12/15 stimula-
tion (i.e., amount of IL12/15 required to elicit 50% tumor
cell lysis) of 2,985 and 10,592 pg/mL for Gl26-Cit-gal1i and
GL26-Cit-NT cells, respectively. This result demonstrates that
GL26-Cit-gal1i cells are 3.55-fold more sensitive to NK-medi-
ated cytotoxicity comparedwith GL26-Cit-NT in vitro (Fig. 7D).

To test whether gal-1 directly inhibits NK-cell function or
viability,weadded recombinantmousegal-1protein at increas-
ing concentrations to NK/GL26-Cit-gal1i in vitro cocultures.
Unstimulated splenic-derived NK cells failed to induce tumor
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cell lysis, whereas those stimulated with 10,000 pg/mL IL12/15
induced tumor cell death after 4-hour coincubation. However,
application of increasing levels of recombinant gal-1 protein
failed to inhibit NK-mediated cytotoxicity (Fig. 7E) or induce
apoptosis ineitherunstimulatedorstimulatedNKcells (Fig.7F).

Discussion
We have identified glioma-derived galectin-1 as a potent

suppressor of antitumor NK immune surveillance. Five in vivo
experimental results support this conclusion: (i) gal-1–defi-
cient glioma cells fail to form lethal brain tumors upon
orthotopic implantation into the RAG1�/� mouse brain; (ii)
lethal gal-1–deficient glioma growth is restored upon implan-
tation into the brains of NOD-scid IL2Rgnull mice; (iii) immu-
nodepletion of NK cells with anti-asialo GM1 anti-serum, or
anti-NK1.1 monoclonal antibodies permit the formation of
lethal gal-1–deficient gliomas in RAG1�/� mice; (iv) gal-1–
deficient gliomas in RAG1�/� mice contain more GzmBþ NK
cells; and (v) NK cells eradicate gal-1–deficient gliomas in fully
immunocompetent C57BL/6J mice before the initiation of
antitumor T-cell responses.
Flow cytometric and immunohistochemical data on tumor-

infiltrating NK cells demonstrate the accumulation of GzmBþ

NK cells specifically within gal-1–deficient gliomas soon after
implantation. However, gliomas expressing normal levels of
gal-1 are infiltrated with NK cells that predominantly produce
IFNg instead of GzmB.
Experiments in fully immunocompetent C57BL/6J mice

demonstrated that the innate immune system rejects gal-1–
deficient glioma without the support of antigen-specific
antitumor adaptive immunity. This is shown by the absence
of growing brain tumors and antitumor T-cell responses in
mice treated with control antiserum. As expected, in the
absence of NK cells, gal-1–deficient gliomas are targets of
tumor-specific cytotoxic T cells, albeit later in tumor pro-
gression. This is evidenced by the negative correlation
between the levels of antigen-specific T-cell responses and
brain tumor size in immunocompetent mice depleted of NK
cells.
Glioma cells evade cytotoxic T-cell recognition and lysis by

downregulating MHC class-I proteins (43, 44). However, this
process increases their sensitivity to NK-mediated attack, as
cells with reduced expression of MHC class-I proteins are
targets of NK immune surveillance (43). Upregulation of gal-1
expression may therefore provide an advantage for glioma cells

to concurrently curb both arms of the antitumor immune
response by counteracting the increased sensitivity to NK
immune surveillance associated with MHC-1 downregulation.

Our results introduce a paradigm shift in the current under-
standing of antiglioma immune-mediated control by showing
for the first time that NK cells, even in the absence of adaptive
immunity, eradicate intracranial glioma in the context of
reduced tumor-derived gal-1. We predict that gal-1 suppres-
sion; either alone or in combination with other immunother-
apeutic strategies (i.e., dendritic cell vaccination; refs. 45, 46)
and/or gene therapy (47–50) will provide dramatic clinical
improvements in patients suffering from malignant brain
tumors.
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