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Abstract
Glioblastoma stands as the most frequent primary brain tumor. Despite the multi-
modal therapy for glioblastoma patients, the survival rate is very low, highlighting 
the need for novel therapies that improve patient outcomes. Immune checkpoint 
blockade strategies are achieving promising results in a myriad of tumors and several 
studies have reported its efficacy in glioblastoma at a preclinical level. ILT2 is a novel 
immune checkpoint that exerts an inhibitory effect via the interaction with classical 
and non-classical HLA class-I molecules. Herein, we report that ILT2 blockade pro-
motes antitumor responses against glioblastoma. In silico and immunohistochemical 
analyses revealed that the expression of ILT2 and its ligands HLA-A, -B, -C, and -E 
are highly expressed in patients with glioblastoma. Disruption of ILT2 with blocking 
monoclonal antibodies increased natural killer cell-mediated IFN-γ production and 
cytotoxicity against glioblastoma, partially reverting the immunosuppression linked 
to this malignancy. In addition, co-treatment with temozolomide strengthened the an-
titumor capacity of anti-ILT2-treated immune cells. Collectively, our results establish 
the basis for future studies regarding the clinical potential of ILT2 blockade alone or in 
combination regimens in glioblastoma.
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1  |  INTRODUC TION

Glioblastoma is a high-grade glioma (WHO grade IV) characterized 
by the presence of poorly differentiated and pleomorphic astro-
cytes.1 It is the most common primary brain tumor in adults, with 
higher incidence in individuals ranging from 55 to 60 years old. Due 
to its poor prognosis, short-term survival rates remain low, with only 
4% of patients surviving at 5 years after diagnosis.2

Treatment of glioblastoma consists of a multimodal procedure, 
with surgical resection as the first standard approach, followed by 
chemoradiation and adjuvant chemotherapy using the alkylating 
agent temozolomide.3 Despite numerous studies having demon-
strated the clinical benefits of maximal safe resection in glioblas-
toma, complete surgical elimination of the tumor is not always 
feasible.1,4 Glioblastoma is a poorly responsive tumor and tumors 
generally recur within 8 months, demonstrating the need for novel 
therapies that improve clinical efficacy and prolong patient survival.5

Patients with glioblastoma exhibit local and systemic immuno-
suppression.6 Upregulation of immune checkpoints, including PD-1 
or LAG-3, coupled to reduced effector functions, are two key fea-
tures of T and natural killer (NK) cell dysfunction in this malignan-
cy.7–9 This major immunosuppression associated with glioblastoma 
has prompted the development of new immunotherapeutic ap-
proaches. Despite the disappointing preliminary results in clinical 
trials,10,11 immune checkpoint blockade (ICB) therapies might prove 
their efficacy in glioblastoma as neoadjuvants, as demonstrated by 
pre-surgical administration of pembrolizumab,12 or in combination 
regimens, such as anti-BTLA plus anti-PD-1 treatment.13 These 
strategies are typically focused on the activation of T cell responses. 
However, NK cells from patients with glioblastoma may retain cer-
tain antitumor properties in defiance of the immunosuppressive 
pressure exerted by the tumor.14,15 NK cells are the only known 
immune cell able to eliminate glioblastoma stem cells without prior 
stimulation.8,16 This ability turns NK cells into an interesting tar-
get for immunotherapeutic approaches in this malignancy. Indeed, 
chimeric antigen receptor (CAR) NK cell therapies have produced 
encouraging results in preliminary studies,17 further supporting the 
potential of NK cells as a therapeutic tool in glioblastoma.

The inhibitory checkpoint ILT2 (LILRB1/CD85j) is widely known 
for its role in NK cell function.18 This receptor exerts its inhibitory 
effect via recognition and binding of classical and non-classical 
human leukocyte antigen (HLA)-I molecules, albeit exhibiting higher 
affinity for HLA-G upon comparison to classical HLA-I molecules.19 
Disruption of the signaling pathway activated by ILT2 has been 
thoroughly studied as an alternative to classical ICB therapies in 
certain types of cancer. For instance, ILT2 blockade rescued NK cell-
mediated responses in chronic lymphocytic leukemia20 and breast 
cancer.21 Combination regimens including ILT2 blockade have also 
rendered positive results in preclinical studies.22,23 Still, despite the 
increasing evidence highlighting the potential of ILT2 blockade in a 
myriad of malignancies, the role of this checkpoint in glioblastoma 
remains to be elucidated.

Herein, we report that ILT2 and its ligands are highly expressed 
in glioblastoma. In line with this, ILT2 blockade partially restored 

antitumor responses against glioblastoma in vitro, an effect 
strengthened by combination with temozolomide. Collectively, our 
studies suggest that ILT2 blockade may constitute a novel therapeu-
tic alternative for the management of patients with glioblastoma. 
Nonetheless, further studies are necessary to determine the clinical 
potential of this strategy alone or in combination regimens.

2  |  MATERIAL S AND METHODS

2.1  |  Cell culture

LN-18, T98G, A172, and U87MG cells (ATCC) were cultured in 
DMEM (Lonza) supplemented with 10% heat-inactivated FBS (Sigma-
Aldrich), 1 mM sodium pyruvate, 2 mM L-glutamine, 100 U/mL peni-
cillin, and 10 μg/mL streptomycin at 37°C and 5% CO2. Buffy-coats 
from healthy donors were collected from Centro Comunitario de 
Sangre y Tejidos de Asturias following the Declaration of Helsinki. 
Peripheral blood mononuclear cells (PBMCs) from healthy donors 
were isolated by ficoll (Biowest) density gradient centrifugation and 
cultured in supplemented RPMI 1640 (Lonza).

2.2  |  Evaluation of human leukocyte 
antigen expression

Surface levels of HLA-I molecules were determined on glioblastoma 
cell lines using the following antibodies: anti-HLA-(A,B,C)-PE (clone 
W6/32), anti-HLA-E-PE (clone 3D12), anti-HLA-F-PE (clone 3D11/
HLA-F), and anti-HLA-G-PE (clone 87G) (all from Biolegend). PE 
mouse IgG1 (clone MOPC-21) or PE mouse IgG2a (clone MOPC-173) 
antibodies (both from Biolegend) were employed as isotype controls. 
7-AAD (Immunostep) was used to discriminate viable cells. Cells were 
analyzed in a Cytoflex S flow cytometer with CytExpert 2.3 software 
(Beckman Coulter). For the analysis of surface expression, raw MFI 
values were corrected by subtracting isotype values and, where indi-
cated, normalized to the control condition as a fold induction.

2.3  |  Immunohistochemistry

Tissue specimens from resected glioblastoma tumors were ana-
lyzed by immunohistochemistry employing the EnVision FLEX Mini 
Kit and Dako Autostainer system (Agilent) following the manu-
facturer’s instructions. In brief, paraffin-embedded tissues (3  μm) 
were deparaffinized and rehydrated and epitope retrieval was per-
formed by heat induction (HIER) at 95°C for 20 min and pH = 9 in 
the PT Link, Pre-Treatment Module. Endogenous peroxidase activ-
ity was blocked with EnVision FLEX Peroxidase-Blocking Reagent 
for 5 min. Afterwards, sections were incubated with Protein Block, 
Serum-Free buffer for 60 min. Tissue sections were stained with the 
following polyclonal antibodies: anti-human HLA-A (1:400, PA5-
116980), anti-human HLA-B (1:200, PA5-35345), anti-human HLA-C 
(1:2000, PA5-79367), anti-human ILT2 (1:1000, PA5-98738) (all 
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from Invitrogen), or anti-human HLA-E (1:200, HPA031454, Merck) 
polyclonal antibodies and counterstained with hematoxylin. Signals 
were detected using diaminobenzidine chromogen as substrate in 
EnVision FLEX HRP (Agilent). Isotype controls were processed by 
omitting the primary antibody. Each specimen was individually re-
viewed and expression intensity was scored using a scale from 0 
to 3. Sample classification was performed as follows: 0 as negative 
staining, 1 as dim, and 2–3 as positive.

2.4  |  Immune cell-glioblastoma cocultures

PBMCs from healthy donors were cocultured with glioblastoma 
cell lines at a 5:1 ratio for 24 h. Afterwards, cells were stained with 
anti-CD3-FITC, anti-CD56-APC (Cytognos), anti-CD8-APC-C750 
(Immunostep), and anti-ILT2-PE (clone GHI/75, Biolegend) and ana-
lyzed by flow cytometry. PE mouse IgG2b antibodies (clone 27–35, 
Biolegend) were employed as isotype control.

2.5  |  Intracellular staining

Production of interferon-gamma (IFN-γ) and granzyme B was as-
sessed as described elsewhere.24 In short, PBMCs from healthy 
donors were treated with 10 μg/mL anti-ILT2 blocking monoclonal 
antibody (mAb) (clone HP-F1, kindly provided by Miguel López-
Botet, Universitat Pompeu Fabra) or control IgG (Biolegend) for 72 h. 
Afterwards, PBMCs were cocultured with glioblastoma cell lines in a 
5:1 ratio for 4 h. For IFN-γ detection, cocultures were plated in the 
presence of 50 nM PMA and 1 μg/mL ionomycin. Following incuba-
tion, cells were stained with anti-CD3-FITC, anti-CD56-APC, and 
anti-CD8-APC-C750 and anti-IFN-γ-PE (clone 4S.B3; Biolegend) or 
anti-granzyme B-PE (clone QA16A02; Biolegend).

2.6  |  Cytotoxicity

NK cell-mediated tumor elimination was studied by calcein-AM 
staining as previously described.25 Briefly, glioblastoma cells were 
incubated with 10  μM calcein-AM (Biolegend) for 30 min at 37°C. 
Following staining, tumor cells were cocultured with PBMCs, treated 
as designated for each experiment, at 10:1, 25:1 and 50:1 (effector: 
target) ratio for 4 h. Calcein release was measured on a Synergy H1 
microplate reader (Biotek). For the indicated experiments, LN-18 cells 
were pretreated with temozolomide (100 μM, Selleckchem) for 72 h.

2.7  |  Determination of ILT2/HLA-I binding

First, glioblastoma cells were incubated with anti-HLA-(A,B,C) 
(clone W6/32; Biolegend), anti-HLA-E (clone 3D12HLA-E, 
ThermoFisher Scientific), or anti-HLA-G (clone 87G; Biolegend) 
blocking antibodies. After washing, cells were incubated with 20 μg/

mL human ILT2 protein, Fc tag (AcroBiosystems) and then stained 
with PE-conjugated goat anti-human IgG Fc secondary antibodies 
(ThermoFisher Scientific). All incubations were performed for 45 min 
at 4°C. Samples were analyzed in a Cytoflex S flow cytometer with 
CytExpert 2.3 software (Beckman Coulter).

2.8  |  In silico data analysis

Expression levels of the genes of interest were analyzed in glio-
blastoma tumors and normal tissue from The Cancer Genome 
Atlas (TCGA) database using ClickGene (http://www.click​genome.
org/).26 Survival of glioblastoma patients stratified by mRNA lev-
els of selected genes was studied via TIMER2.0 platform (http://
timer.cistr​ome.org/).27 The protein–protein interaction network was 
analyzed for HLA-E using STRING (https://strin​g-db.org/).28 LILRB1 
mRNA analyses were performed employing transcriptome data 
available on the Gene Expression Omnibus (GEO) repository (data-
set GSE441229) via ShinyGeo (https://gdanc​ik.shiny​apps.io/shiny​
GEO/).30 Correlations between mRNA expression levels of distinct 
genes were determined employing the cBioportal platform (http://
cbiop​ortal.org/).31 TISIDB repository (http://cis.hku.hk/TISID​B/) 
was employed to evaluate the correlation between gene expression 
and glioblastoma-infiltrating immune subsets.32

2.9  |  Statistics

Sample distribution was determined using the Shapiro–Wilk test. The 
relationship between continuous and categorical prognostic vari-
ables was evaluated by independent samples Student’s t-test, and 
paired samples Student’s t-test was applied for intra-group compari-
sons. For mRNA expression comparisons, adjusted p-values [p(adj)] 
were calculated applying the false discovery rate (FDR) method. In 
all cases, differences were considered statistically significant for p-
values: p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***). Statistical analy-
ses were performed using GraphPad Prism 8 software (GraphPad 
Software). A heatmap representing Spearman’s correlation coeffi-
cients was built with Morpheus software (https://softw​are.broad​
insti​tute.org/morpheus).

3  |  RESULTS

3.1  |  Classical and non-classical HLA-I molecules 
are highly expressed in glioblastoma

To evaluate the relevance of classical and non-classical HLA-I 
molecules in glioblastoma, we first interrogated publicly available 
genomic data from the TCGA database. Greater mRNA expression 
of HLA-A, -B, and -C was detected in glioblastoma samples compared 
to normal tissue (p(adj)  =  6e-07, 6e-07 and 8e-07, respectively) 
(Figure 1A). HLA-E and, to a lesser extent, HLA-F mRNA expression 

 13497006, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/cas.15575 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [24/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.clickgenome.org/
http://www.clickgenome.org/
http://timer.cistrome.org/
http://timer.cistrome.org/
https://string-db.org/
https://gdancik.shinyapps.io/shinyGEO/
https://gdancik.shinyapps.io/shinyGEO/
http://cbioportal.org/
http://cbioportal.org/
http://cis.hku.hk/TISIDB/
https://software.broadinstitute.org/morpheus
https://software.broadinstitute.org/morpheus


    |  51LORENZO-­HERRERO et al.

was also significantly higher in glioblastoma (p(adj) = 1.44e-05 and 
9.3e-05, respectively),33,34 whereas no significant difference in 
HLA-G levels (p(adj) = 0.256) was found (Figure 1B). In line with this, 
strong expression of HLA-(A,B,C) was detected on glioblastoma cell 
lines (Figure 1C). These tumor cells also exhibited remarkable levels 
of HLA-E (Figure 1D).

The impact of HLA-I molecules on the survival of patients with 
glioblastoma was assessed by a Kaplan–Meier survival analysis via 
TIMER2.0. As depicted in Figure 2A, mRNA expression of HLA-I, in-
cluding classical and non-classical molecules, did not affect survival 
in glioblastoma patients. Nonetheless, lower mRNA levels of each of 
these molecules significantly correlated with improved overall sur-
vival in patients with low-grade glioma (Figure 2B).

Given the high expression of HLA-A, -B, -C, and -E observed in 
glioblastoma, as well as their central role in antitumor immunity, we 
further studied the expression of these proteins in patients with 
glioblastoma by immunohistochemistry (n = 40). HLA-A was vastly 
expressed on tumor cells, with 36 (90%) patients showing positive 
staining (Figure 3A). In contrast, strong HLA-B staining was only de-
tected in 6 (15%) patients, although diffuse expression was found in 
12 (30%) patients (Figure 3B). A total of 24 (60%) patients positively 
stained for HLA-C, with 10 (25%) of them displaying weak staining 
(Figure 3C). HLA-E staining was detected in 29 (72.5%) patients, 22 
(55%) of which exhibited diffuse positive expression and 7 (17.5%) 
showed weak patchy expression on tumor cells (Figure  3D). Since 
HLA-E is also expressed on immune cells, we further performed se-
quential staining of CD45, glial fibrillary acidic protein (GFAP), and 
HLA-E on a glioblastoma case. HLA-E staining was observed on 
tumor cells (Figure S1A), although it is worth mentioning that cer-
tain CD45+ cells within the tissue expressed this protein as well 
(Figure S1B). Tumor cell localization within tissue samples was eval-
uated by GFAP staining (Figure S2).

3.2  |  ILT2 is highly expressed in glioblastoma and 
correlates to immune infiltration

HLA-E, along with classical HLA-I proteins, is part of a complex 
network of interacting proteins tightly related to immune modula-
tion and acts as ligand for an array of immune receptors, including 
the inhibitory checkpoints NKG2A and ILT2 (Figure  S3). Thus, we 
analyzed the mRNA expression of KLRC1 (gene coding for NKG2A) 
and LILRB1 (gene coding for ILT2) in glioblastoma from the TCGA 
database. KLRC1 was barely expressed on either condition studied 
and no different expression was found (p(adj)  =  0.761). However, 
glioblastoma exhibited elevated levels of LILRB1 compared to the 
control (p(adj)  =  0.002) (Figure  4A), suggesting that ILT2 might 

play a role in this malignancy. ILT2 and, to a lesser degree, NKG2A 
surface expression was detected on glioblastoma cell lines as well 
(Figure S4). Interestingly, LILRB2-4 expression was increased in glio-
blastoma samples compared to normal tissue (p(adj)  =  6e-05 for 
LILRB2, 1.44e-05 for LILRB3, and 1.6e-05 for LILRB4), whereas no 
change was detected in LILRB5 levels (p(adj) = 0.758) (Figure 4A).

In addition to the correlation between HLA-I molecules, in sil-
ico analysis revealed that LILRB1 correlated to HLA-E in glioblas-
toma (Spearman’s coefficient of 0.687) (Figure 4B). Similar to HLA-I 
molecules, Kaplan–Meier analysis revealed that LILRB1 expression 
significantly affected the overall survival of patients with low-grade 
glioma (Figure 4C). A similar trend was observed in glioblastoma, al-
though it did not reach significance (p = 0.0554) (Figure 4C). Still, 
the expression levels of this receptor are increased in grade IV glio-
mas compared to grade III tumors (p = 0.0002), as shown by in silico 
analysis of previously published data from the GEO database (data-
set GSE441229) (Figure S5A). Of note, high LILRB2 and LILRB3 levels 
negatively influence overall survival in patients with glioblastoma 
compared to other LILRB receptors, although nearly all of them in-
fluence survival in low-grade glioma (Figure S5B).

Overexpression of ILT2 on immune cells is frequently linked to 
an exhausted phenotype that leads to immune evasion in cancer. 
Therefore, we next assessed whether ILT2 might be expressed by 
immune cells in glioblastoma. LILRB1 expression was highly cor-
related to infiltrating NK cell numbers in glioblastoma, and CD8+ T 
cells displayed lower correlation (Spearman’s coefficient of 0.751 vs 
0.508, respectively) (Figure 4D). To validate these findings, expres-
sion of ILT2, as well as CD57 (as a marker for NK cells), was assessed 
by immunohistochemistry. Although mild expression of ILT2 was ob-
served on tumor cells, immunostaining of this protein was primarily 
detected on NK cells (Figure  4E), supporting the results obtained 
from in silico analysis.

3.3  |  ILT2 is upregulated on immune cells upon 
coculture with glioblastoma

To gain further insight into the dysregulation of ILT2 on infiltrat-
ing immune cells in glioblastoma, PBMCs from healthy donors 
were cocultured with glioblastoma cell lines, and surface ex-
pression of ILT2 was evaluated by flow cytometry (Figure  5A). 
Coculture with tumor cells triggered an upregulation of ILT2 on 
NK cells (Figure 5B). CD8+ T cells expressed higher levels of ILT2 
upon coculture with LN-18 and U87MG cells as well (Figure 5B). 
Noticeably, no changes on ILT2 expression were detected for 
T98G cells. Glioblastoma-conditioned media failed to modulate 
ILT2 surface expression on healthy immune cells (data not shown), 

F I G U R E  1  Analysis of expression of classical and non-classical HLA-I molecules on glioblastoma. (A,B) mRNA expression levels of the 
indicated genes on glioblastoma tissue specimens (GBM, n = 168) and normal tissue (control, n = 5) from TCGA database were determined 
using the ClickGene tool (mean ± standard error of the mean [SEM]). (C,D) Surface expression of classical (C) and non-classical (D) HLA-I 
molecules on glioblastoma cell lines were detected by flow cytometry (n = 4). Histograms depict a representative experiment, and graphs 
show the mean fluorescence intensity (MFI) ± SEM. Blank histograms correspond to isotype controls. ***p < 0.001
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F I G U R E  2  HLA-I molecules impact survival in low-grade glioma but not glioblastoma. Kaplan–Meier survival analysis categorized by 
mRNA levels of the indicated genes in glioblastoma (GBM, n = 153) (A) and low-grade glioma (LGG, n = 516) (B). HR, hazard ratio
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suggesting that this effect might be mediated by cell-to-cell con-
tact. We next investigated whether glioblastoma cells affected the 
antitumor function of NK cells. As depicted in Figure 5C, PBMCs 
previously exposed to LN-18 cells exhibited reduced cytotoxicity 
compared to the control, pointing out that glioblastoma cells hin-
der NK cell antitumor activity.

3.4  |  ILT2 blockade partially restores antitumor 
immune responses against glioblastoma

To assess whether ILT2 takes part in the glioblastoma-induced 
suppression of NK cell function, PBMCs from healthy donors were 
treated with anti-ILT2 blocking mAb, and cytokine production in 
response to glioblastoma cells was assessed by flow cytometry 
(Figure 6A). ILT2 blockade induced IFN-γ production by NK cells 
(Figure  6B). Lower, yet significant, IFN-γ increase was observed 
for CD8+ T cells (Figure  6C). Granzyme B levels were signifi-
cantly higher in anti-ILT2-treated NK cells exposed to LN-18 cells 
(Figure 6D). In contrast, ILT2 blockade did not affect granzyme B 

production by CD8+ T cells (Figure 6E). Treatment with anti-ILT2 
blocking mAb also boosted NK cell-mediated lysis of glioblastoma 
cells (Figure 7A).

Next, we sought to elucidate whether ILT2-mediated increased 
cytotoxicity is related to ILT2/HLA-I interactions. In this context, 
HLA-E blockade significantly decreased ILT2 binding to glioblas-
toma cells, in a similar extent to HLA-G blockade (Figure  7B). 
siRNA-mediated HLA-E knockdown failed to neutralize the in-
crease in cytotoxicity mediated by ILT2 blockade (Figure S6A,B). In 
the same line, no changes were detected in NK cell-mediated elim-
ination after blocking HLA-E on glioblastoma cells (Figure  S6C). 
Of note, NKG2A blockade did not enhance tumor cell elimination 
(Figure S7), which agrees with the results detected upon HLA-E 
blockade, because NKG2A stands as a key receptor for HLA-E. 
Despite partially decreasing ILT2 binding (Figure 7B), HLA-G block-
ade did not enhance glioblastoma cell killing either (Figure S8A). 
Notably, ILT2 binding was impaired in a greater fashion upon 
blockade of classical HLA-I ligands (Figure 7B), which significantly 
boosted the cytotoxicity of glioblastoma cells (Figure  S8B), sug-
gesting that ILT2 takes part in a complex signaling network. It 

F I G U R E  3  HLA-I molecules are expressed in human glioblastoma in vivo. Immunohistochemical staining of HLA-I proteins in 
tissue sections of different cases of glioblastoma. Graphs depict the percentage of patients with glioblastoma stratified based on 
immunohistochemical staining (n = 40). Images labeled as (a) correspond to isotype controls for each staining. (A) HLA-A expression in 
a negative (b), weakly positive (c), and moderate to intense positivity (d) case. (B) HLA-B expression in a negative (b), weakly positive in a 
patchy distribution, (c) and strong positive expression (d) case. (C) HLA-C expression in a negative (b), weak positive (c), and diffuse strong 
positive (d) case. (D) HLA-E expression in a mostly negative (b), patchy positive (c), and diffuse positive (d) case. Scale bars = 100 μm
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is worth mentioning that blocking classical HLA-I molecules did 
not affect surface expression of their non-classical counterparts 
(Figure S9), ensuring the specificity of these results. Additionally, 
ILT2 blockade partly rescued the cytotoxic capacity of PBMCs 
previously exposed to LN-18 cells, thus counteracting, up to a cer-
tain point, the immunosuppressive pressure brought about by the 
tumor (Figure 7C).

Temozolomide stands as the first-line chemotherapy approved 
for postoperative treatment in patients with glioblastoma. To eval-
uate the effect of combining ILT2 blockade with this chemother-
apeutic drug on NK cell-mediated cytotoxicity, LN-18 cells were 
exposed to temozolomide and then cocultured with PBMCs from 
healthy donors previously treated with anti-ILT2 antibodies. As illus-
trated in Figure 7D, not only did temozolomide treatment sensitized 

F I G U R E  4  Analysis of expression of inhibitory LILR family receptors in glioblastoma. (A) mRNA expression levels of the indicated genes 
on glioblastoma tissue specimens (n = 168) and normal tissue (control, n = 5) from TCGA database were determined using ClickGene tool 
(mean ± SEM). (B) Heatmap representation of Spearman’s correlation values corresponding to the indicated genes in glioblastoma (n = 152) 
calculated via the cBioportal platform. (C) Kaplan–Meier survival analysis categorized by LILRB1 mRNA expression in low-grade glioma (LGG, 
n = 516) and glioblastoma (GBM, n = 153). (D) Correlation between LILRB1 expression and immune infiltration in glioblastoma (n = 166) 
determined by TISIDB tool. (E) Immunohistochemical staining of CD57 and ILT2 in tissue sections of glioblastoma. (a) Isotype control. (b) 
CD57+ NK cells in lymph node. (c–d) Scattered CD57+ NK cells in glioblastoma (black arrows). In (d), CD57+ NK cells are mostly intravascular. 
(e) Mild ILT2 expression on glioblastoma cells. (f) Moderate expression of ILT2 on NK cells (black arrows). Bars = 100 μm. HR, hazard ratio. 
**p < 0.01; ***p < 0.001

F I G U R E  5  Coculture with glioblastoma cells induces ILT2 expression on immune cells and reduces their cytotoxic activity. PBMCs 
from healthy donors (n = 10) were cocultured with glioblastoma cell lines at a 5:1 ratio for 24 h. (A,B) ILT2 expression on immune subsets 
was evaluated by flow cytometry. Histograms depict a representative experiment employing LN-18 cells. Numbers correspond to MFI 
values. Bars correspond to ILT2 expression on NK cells and CD8+ T cells represented as normalized MFI (mean ± SEM). (C) PBMCs were 
then coincubated with fresh LN-18 cells at three different E:T (effector: target) ratios for 4 h. The cytotoxic activity against tumor cells was 
evaluated by calcein-AM staining. Graph depicts the percentage of specific lysis (mean ± SEM). *p < 0.05
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F I G U R E  6  ILT2 blockade enhances IFN-γ production by immune cells. Peripheral blood mononuclear cells (PBMCs) from healthy donors 
(n = 10) were treated with anti-ILT2 blocking antibodies or control IgG (10 μg/mL) for 72 h and then cocultured with glioblastoma cells at a 
5:1 ratio for 4 h. IFN-γ and granzyme B production were assessed by intracellular flow cytometry. (A) Histograms illustrate a representative 
experiment using LN-18 cells. Numbers correspond to percentage of positive cells for IFN-γ and MFI for granzyme B. (B,C) Graphs show the 
percentage of IFN-γ+ NK and CD8+ T cells. (D,E) Granzyme B expression on NK and CD8+ T cells represented as MFI (mean ± SEM). *p < 0.05
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glioblastoma cells to immune-mediated elimination, but it signifi-
cantly increased tumor lysis by anti-ILT2-treated immune cells. In 
agreement with previous studies, discreet MICA upregulation was 
observed on temozolomide-treated LN-18 cells (Figure S10A). Yet, 
NKG2D blockade did not counteract the increase in tumor cell elim-
ination brought about by this chemotherapeutic agent (data not 
shown). It is worth mentioning that temozolomide treatment also led 
to downregulation of non-classical HLA-I molecules on glioblastoma 
cells (Figure S10B). In general, these findings reveal that a combina-
tion of ILT2 blockade with clinically available therapies might prove 
beneficial in reestablishing the immune function in patients with 
glioblastoma.

4  |  DISCUSSION

The survival rate of patients with glioblastoma remains low despite 
the aggressive multimodal therapy approved for their clinical man-
agement. Total surgical resection is not always viable, and postop-
erative chemoradiation generally fails to eliminate the tumor, leaving 
these patients with adjuvant treatments in an effort to delay cancer 
progression. Hence, the development of alternative therapeutic ap-
proaches is of utmost importance in glioblastoma. The marked ex-
haustion reported on intratumor T lymphocytes has prompted the 
study of classical ICB therapies in glioblastoma at a clinical level.7 
Still, PD-1 blockade has rendered disappointing results in recurrent 
glioblastoma, with only 8% of patients showing durable responses in 
a phase III clinical trial,10 which calls for novel checkpoints that can 
make a difference in the treatment of glioblastoma.

Various studies have described the dysregulation of key in-
hibitory checkpoints and their ligands on glioblastoma, including 
HVEM or TIM-3, among others.35,36 In line with these results, in sil-
ico analysis revealed high expression of classical (HLA-A, -B, and -C) 
and non-classical (HLA-E and -F) HLA-I molecules in glioblastoma. 
Further, an important proportion of glioblastoma patients exhibited 
detectable levels of HLA-A (90%) and HLA-E (72.5%). These data 
agree with previous studies reporting altered expression of HLA-E34 
and HLA-F37 in human gliomas in vivo. Interestingly, higher expres-
sion of these HLA-I molecules was associated with lower survival in 
patients with low-grade glioma but not glioblastoma, which might 
account for the rapid progression of the latter.

HLA-E is arising as an interesting target  in the field of cancer 
immunotherapy due to its immunomodulatory role as ligand for im-
mune inhibitory checkpoints, such as NKG2A.38–40 Nonetheless, our 
analysis showed that KLRC1, which encodes NKG2A, was not dif-
ferentially expressed in glioblastoma, and its expression levels were 
exceptionally low. In contrast, elevated levels of LILRB1, which ILT2, 
an inhibitory receptor that can bind to HLA-E41 and other HLA-I 
members,19 was found in this tumor. Deeper analysis of the LILRB 
protein family revealed that LILRB2-4 mRNA expression is elevated 
in glioblastoma tissue as well. Interestingly, high LILRB receptor 
levels, except for LILRB2, negatively affected survival in low-grade 
glioma patients, whereas only low LILRB2 and LILRB3 expression 

correlated to improved survival in glioblastoma. LILRB2 expression 
has been reported in the stem cell compartment at mRNA level,8 
which might explain its connection to patient survival because this 
cell population typically drives treatment resistance.42 Interestingly, 
LILRB2 blockade has proven beneficial in reprogramming tumor-
associated macrophages and promoting antitumor responses,43 one 
of the many reasons why the therapeutic potential of this inhibitory 
checkpoint in glioblastoma deserves future study.

ILT2 is widely expressed by immune cells, including lymphocytes, 
and its upregulation is frequently linked to immune exhaustion in 
cancer.20,44 In glioblastoma, LILRB1 expression correlated to NK 
cell infiltration and, to a small extent, CD8+ T cell abundance. ILT2 
staining was primarily detected on NK cells in vivo, although mild ex-
pression was observed on glioblastoma cells as well. Consequently, 
this checkpoint is likely to be mainly expressed on immune cells in 
this malignancy, and its overexpression might contribute to the pro-
nounced immunosuppression associated with glioblastoma.

Upregulation of inhibitory receptors on effector immune cells 
is a well-known immune evasion strategy in cancer. Indeed, tumor-
infiltrating lymphocytes isolated from patients with glioblastoma 
exhibit higher levels of numerous inhibitory checkpoints, such as 
PD-1 and LAG3, compared to its counterparts from peripheral 
blood.7,35 This evasion mechanism exploited by glioblastoma might 
be extendable to ILT2 because coculture with glioblastoma cells re-
duced NK cell-mediated cytotoxicity and induced ILT2 upregulation 
on NK cells and CD8+ T cells. Therefore, ILT2 might work as an im-
mune exhaustion marker in glioblastoma, similar to receptors such 
as PD-1 or TIGIT. Its upregulation might contribute to the immune 
suppression exerted by the tumor, as it occurs in other types of 
cancer.20,44,45 In agreement, ILT2 blockade boosted IFN-γ produc-
tion and NK cell cytotoxicity against glioblastoma cells and partially 
restored tumor lysis in immune cells previously cocultured with 
glioblastoma cells. HLA-E blockade partially prevented ILT2 binding 
to glioblastoma cells, supporting the notion that the ILT2/HLA-E 
axis might be at work in this tumor. Still, tumor cell killing by ILT2-
treated immune cells was not counteracted upon siRNA-mediated 
HLA-E knockdown, revealing that this ligand might not be respon-
sible for the cytotoxic effect of ILT2 blocking mAb in glioblastoma 
and pointing out in the direction of alternative HLA-. Again, neither 
HLA-G nor HLA-E blockade boosted tumor cell killing. Classical 
HLA-I molecules stand as ligands for ILT2, and its blockade has 
been extensively reported to promote NK cell responses.19,23,46,47 
Herein, ILT2 binding was significantly impaired by HLA-(A,B,C) 
blockade, which, coupled with the high expression of these mol-
ecules in glioblastoma and the significant increase in cytotoxicity 
upon their blockade, brings forth HLA-A, -B, and -C as likely players 
in the inhibitory role of ILT2 in this malignancy. These data high-
light the complexity of the ILT2 equation, which might ultimately 
account for an integrative network of activating signals that trigger 
immune cell suppression. Overall, these findings bring to light that 
disruption of ILT2 signaling promotes, to a certain extent, antitu-
mor immune responses, supporting the therapeutic potential of this 
strategy in glioblastoma.
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Because of the strong immune exhaustion linked to glioblas-
toma, a combination of ILT2 blockade with other immunotherapeu-
tic approaches might potentiate immune activation. In fact, a phase 
I/II clinical trial is currently evaluating the efficacy of BND-22, an 
anti-ILT2 blocking mAb, in combination with pembrolizumab in ad-
vanced solid tumors (NCT04717375). In glioblastoma, despite the 
initial results of classical ICB therapies used as adjuvants, recent 
studies have described the benefits of anti-PD-1 treatment prior 
to surgical resection,12,48 highlighting the advantages of employing 
ICB treatments as neoadjuvants. Recent works have revealed that 
co-blockade of PD-1 and novel checkpoints, such as BTLA or TIGIT, 
have therapeutic potential in glioblastoma,13,49 opening the door 
to the study of ILT2 blockade in combination with other ICBs. The 
clinical value of certain chemotherapeutic agents relies, in part, on 
eliciting antitumor immune responses. At this respect, temozolo-
mide treatment slightly increased MICA expression on glioblastoma 
cells, which agrees with previously reported data,50,51 thus providing 
rationale for its use in combination with ILT2 blockade to counter-
act NK cell suppression. Indeed, treatment of LN-18 glioblastoma 
cells with temozolomide potentiated tumor lysis by immune cells 
pretreated with an anti-ILT2 blocking mAb, suggesting that this 
combination might counteract, to a certain degree, the immunosup-
pressive pressure exerted by the tumor. NKG2D blockade failed to 
counteract the antitumor cytotoxicity triggered by temozolomide. 
Hence, the added tumor elimination observed with the combination 
might answer to the modulation of ILT2 ligands detected on glioblas-
toma cells upon temozolomide exposure, among other mechanisms 
yet to be revealed.

Altogether, our results provide evidence of the dysregulation 
of the inhibitory checkpoint ILT2 and its ligands in glioblastoma. 
Treatment with anti-ILT2 blocking mAb promoted antitumor im-
mune responses, and its combination with temozolomide led to 
greater tumor cell elimination, opening a window for the study of 
ILT2 blockade as an alternative therapeutic approach alone or in 
combination in glioblastoma.
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