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Abstract
Purpose  There is no targeted drug therapy for NF2 patients, and surgery or radiosurgery is not always effective. Therefore, 
the exploration of new therapeutic pathways is urgently needed.
Methods  We analyzed the expression of cytokines in the serum of NF2 patients and determined the percentage of 
HLA-DR−CD33+CD11b+ cells in blood and NF2-associated schwannomas. Furthermore, we analyzed the role of HLA-
DR−CD33+CD11b+ cells in inhibiting T-cell proliferation, cytokine production, and transforming growth factor expression.
Results  NF2 patients are in an immunosuppressed state with elevated IL-10 and TGF-β expression in plasma and the 
lymphocytes from NF2 patients secrete less IFN-γ and CD3+ T cells proliferate slower than normal healthy donors. HLA-
DR−CD33+CD11b+ cells frequency significantly increased in the PBMCs and infiltrated in the tumor, these cells express 
higher iNOS, NOX2 and TGF-β, and induce TGF-β secretion to inhibit CD8+ T-cell proliferation, and induce T-cell trans-
formation to a CD4+CD25+Foxp3+ regulatory T cells phenotype. NF2-associated schwannoma cells induced monocytes 
transformation into an HLA-DR−CD33+CD11b+ phenotype, and surgical removal of the tumor reduced the percentage of 
these cells.
Conclusions  HLA-DR−CD33+CD11b+ cells may represent a population of MDSCs in NF2 patients. Dissecting the mecha-
nisms behind these suppressive mechanisms will be helpful for the design of effective immunotherapeutic protocols and 
likely provide a new effective treatment for NF2 patients.
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Abbreviations
NF2	� Neurofibromatosis type 2
MDSC	� Myeloid-derived suppressor cells
TGF-β	� Transforming growth factor-β
iNOS	� Inducible nitric oxide synthase
NOX2	� Non-phagocytic cell oxidase 2
ARG-1	� Arginase-1
PBMC	� Peripheral blood mononuclear cell
TCR​	� T-cell receptor

Introduction

Neurofibromatosis type 2 (NF2) is an autosomal dominant 
disorder (Asthagiri et al. 2009) with characteristic bilateral 
vestibular schwannomas (Dewan et al. 2015), sometimes 
accompanied by meningiomas, ependymomas, gliomas or 
ocular abnormalities (Tanaka et al. 2013). The NF2- associ-
ated tumors are benign in histology; however, NF2 patients 
experience significant morbidity and mortality related to the 
location of the tumors related to their disease and the effects 
of treatments (Dirks et al. 2012). And, for nearly 30 years, 
there have been very few treatments that convey optimism 
to NF2 patients. Therefore, it is imperative that new effec-
tive treatments for these tumors be discovered or explored.

Cancer immunotherapy is designed to boost or engineer 
immune cells (in particular T cells) to fight against cancer 
cells while leaving normal cells untouched (Wang and Wang 
2017). Recently, T cell-based immunotherapy has been suc-
cessfully used to treat many human cancers, such as mela-
noma, lymphoma, breast cancer and renal cell carcinoma, 
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with varying degrees of tumor regression (Assadipour et al. 
2017; Chandran et al. 2017; Wang and Wang 2012). And 
now there is general agreement that there is grand oppor-
tunity for immune-driven therapies in brain cancer (Rossi 
et al. 1990). Thus, by re-focusing and increasing awareness 
about the role of the immune system in NF2, the future may 
hold very promising success. Immunotherapy could provide 
a new avenue for NF2 treatment.

To enhance antitumor immunity, it is necessary to remove 
the roadblocks so that T cells can be fully activated and 
functional for the eradication of cancer cells (Wang and 
Wang 2017). Over the past 10 years, there has been a grow-
ing awareness of the role of tumor-induced immune suppres-
sion in preventing the efficacy of cancer immunotherapies. 
Recent studies have also highlighted the contextual immu-
nosuppressive nature of the immune system in brain tumors, 
and data from clinical trials also suggest that future immuno-
therapeutic strategies should target the removal or depletion 
of immunosuppressive cells and molecules in brain tumors, 
which will promote normal immune cell-mediated tumor 
rejection.

Multiple cell types are involved in tumor-mediated 
immune suppression, including regulatory T cells (Tregs), 
tumor-associated macrophages (TAMs), type 2 NKT cells 
and myeloid-derived suppressor cells (MDSCs) (Katoh and 
Watanabe 2015). MDSCs, a heterogeneous population of 
myeloid cells, are potent inhibitors of the antitumor immune 
response through negative regulation of T-cell function; they 
arise from myeloid progenitor cells that fail to differentiate 
into mature dendritic cells, granulocytes or macrophages, 
and they are a major obstacle for both immunotherapy and 
antitumor immunity (Haverkamp et al. 2011).

In mice, MDSCs express the granulocytic cell sur-
face marker Gr1 and the monocyte/macrophage 
cell surface marker CD11b. Due to the lack of 
a human analog for mouse Gr1, there is extensive heteroge-
neity with respect to the expression and level of cell surface 
markers on human MDSCs (Ugel et al. 2009). Therefore, the 
phenotype of human MDSCs is not as clearly defined as the 
phenotype of mouse MDSCs. Generally, MDSCs in humans 
are broadly characterized as being CD33+, CD11b+, and 
HLA-DRlow/−, and additional markers may also be present 
depending on the type of cancer. Multiple MDSC popula-
tions have been described in patients with solid tumors. For 
example, Lin−HLA−DR−CD33+ cells in melanoma (Sade-
Feldman et al. 2016), Lin−HLA−DR− cells in breast cancer, 
CD11b+CD33+HLA−DR− cells in neuroblastoma (Gowda 
et al. 2013), CD14+CD33+HLA-DR−/low in glioblastoma 
(Raychaudhuri et al. 2011).

To date, most studies pertain only to peripheral MDSCs 
(Gros et al. 2012). Studies have revealed that peripheral 
MDSC levels are significantly increased and mediated 
immunosuppressive function in many types of cancers (Jiang 

et al. 2014; Danilin et al. 2012; Koinis et al. 2016; Zhang 
et al. 2016; Xu et al. 2016; Karakasheva et al. 2015). MDSCs 
use several mechanisms to suppress antitumor immunity that 
have been demonstrated both in vivo and in vitro. The mech-
anisms include cysteine sequestration to decrease prolifera-
tion (Srivastava et al. 2010), activation and differentiation of 
T cells, depletion of L-arginine to arrest T cells in mitosis, 
induction of FoxP3+ Tregs, downregulation of CD4+ and 
CD8+ T cell homing to lymph nodes (Hanson et al. 2009), 
and conversion of antitumor M1 cells into tumor-promot-
ing M2 cells (Ostrand-Rosenberg 2010; Sinha et al. 2007). 
MDSCs also promote tumor vasculature via their production 
of different angiogenic proteins. Therefore, it is necessary 
to study the molecular and cellular mechanisms used by 
MDSCs to develop successful immunotherapy.

Until now, the study of NF2 has focused primarily on the 
genetic changes in the NF2 gene, and thus far, immunologi-
cal changes have not been studied in NF2. Here, we detected 
the immune status in NF2 patients and identified a subpop-
ulation of MDSCs with an immunosuppressive function. 
Further elucidation of such NF2-associated tumor-initiated 
suppressive mechanisms may suggest possible therapeutic 
interventions to overcome inhibitory effects and improve 
the efficacy of immunotherapy protocols. It is imperative 
to identify all the suppressive mechanisms employed by 
MDSCs so potential therapies can be fully evaluated for 
their efficacy.

Materials and methods

Patients and healthy donors

All procedures performed involving human participants 
were performed in accordance with the ethical standards 
of the institutional and/or national research committee and 
with the 1964 Helsinki declaration and its later amendments 
or comparable ethical standards. Our study protocols were 
approved by the institutional review boards of the Beijing 
Tiantan Hospital, and written informed consent was obtained 
from all of the patients prior to their participation. Patient 
samples were donated from NF2-associated patients who 
had received a histologically confirmed diagnosis of NF2 by 
neuropathologists at Beijing Tiantan Hospital. The following 
were used in this project.

NF2 (n = 23): patients met the diagnostic criteria for NF2, 
with bilateral acoustic neuroma and other central nervous 
system tumors, despite treatments with drugs or radiation 
therapy.

Healthy control (n = 13): healthy volunteers were age and 
gender-matched to NF2 patients.

Details of healthy and NF2 patients are described in 
Table 1.
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Enzyme‑linked immunosorbent assay (ELISA)

Venous blood samples were taken from all subjects and 
immediately centrifuged at a speed of 4000 rpm for 10 min 
to obtain serum. All serum samples of the participants were 
stored at − 80 °C instantly after separation from peripheral 
blood prior to the analysis. Serum IL-1β, IL-6, IL-10, TNF-
α, TGF-β and IFN-γ concentrations were determined by 
specific ELISA kits (eBioscience, San Diego, CA, USA) 
according to the manufacturer’s recommendations. The 
absorbance of samples was measured at 450 nm using a 
SpectraMax M5 microplate reader (Molecular Devices, Sun-
nyvale, CA, USA). The IL-1β, IL-6, IL-10, TNF-α, TGF-β 
and IFN-γ concentrations were determined by interpolation 
on the standard curve created by the absorbance of the stand-
ards. Serum IL-1β, IL-6, IL-10, TNF-α, TGF-β and IFN-γ 
concentrations are expressed in pg/ml.

To measure the intracellular cytokine production poten-
tial, the cells were stimulated with PMA (12.5 ng/ml) plus 
ionomycin (500 ng/ml) in the presence of Brefeldin-A (5 µg/
ml) for 4 h before analysis.

T‑cell BrdU proliferation assay

Lymphocytes were incubated with 1 µg of PHA/1 × 106 
lymphocytes for 48  h, and then pulsed with 10  µM of 
BrdU/1 × 106 lymphocytes. After 24 h, the lymphocytes 
were harvested, stained with CD3-percp-cy5.5, then fixed 
and permeabilized. Next, the cells were treated with DNase 
for 1 h and then stained with anti-BrdU-FITC.

Lymphocytes proliferation was measured by the percent-
age of BrdU+ cells in gated CD3+ cells.

Analysis of MDSC percentage in tumors

Primary schwannoma samples were collected from 11 NF2 
patients. Schwannoma tissues were dissected into pieces, 
digested with collagenase type I (160 U/ml, Sigma) and 

dispase grade I (1.25 U/ml, Roche, West Sussex, UK), and 
then filtered using 70 µm cell strainers (BD Falcon). There-
after, the single cell suspension was subjected to density 
gradient centrifugation using Ficoll (Biochrom, Berlin, Ger-
many) to enrich for mononuclear cells and to remove debris, 
followed by re-suspension with FACS staining buffer and 
staining with anti-CD33 APC, anti-HLA-DR Percp-cy5.5, 
and anti-CD11b FITC antibodies, along with appropriate 
isotype controls (all from eBioscience) for flow cytometry 
acquisition (BD Aria II) and analysis using FlowJo software 
(TreeStar, Inc., Ashland, OR, USA).

Analysis of MDSC percentages in peripheral blood

Peripheral blood was obtained prior (n = 23) to or 7 days 
after surgery (n = 5) from NF2 patients from whom we 
had tumor samples. Controls (n = 13) were available from 
healthy donors. Blood was subjected to density gradient cen-
trifugation with Ficoll to separate the mononuclear cells and 
then stained with the same antibodies used for the tumor in 
the flow cytometry analysis.

MDSCs were defined as HLA-DR−CD33+CD11b+ 
cells. The percentage of MDSCs was defined as the num-
ber of CD33+CD11b+ cells divided by the total number of 
HLA-DR− cells × 100%.

Magnetic‑activated cell sorting (MACS)

CD8+ T cells were isolated from peripheral blood from NF2 
patients with MACS using a CD8 T Kit (Miltenyi Biotech, 
Bergisch Gladbach, Germany) according to the manufac-
turer’s instructions. Briefly, 107 cells in 100 µl of buffer were 
incubated with 20 µl of CD8+ T-cell MicroBead Cocktail. 
The sample was mixed well and incubated for 10 min at 
2–8 °C. Cells were washed with 1 ml of buffer and centri-
fuged at 300g for 10 min, and underwent magnetic sorting, 
and then, the CD8+ cells were collected. Purity was assessed 
with a flow cytometry analysis, and all preparations were 
more than 98% pure.

CD14+ cells were purified as stated above using a CD14+ 
monocyte isolation Kit.

Cell isolation and sorting

PBMCs were isolated from fresh blood by density gradi-
ent centrifugation with Ficoll as described previously. For 
isolation of HLA-DR− CD33+CD11b+ cells, PBMCs were 
sorted into HLA-DR− CD33+CD11b+ and CD33− cells 
using a BECKMAN cell sorting system (Becton Dickinson, 
Heidelberg, Germany). The purity of the cells after sorting 
was more than 98%.

Table 1   Details of healthy and NF2 patients

Details of healthy and NF2 patients Numbers (%)

All patients (n = 23)
 Median age 28 ± 9.6
 Gender
  Male 9 (39.13%)
  Female 14 (60.87%)

Healthy donors (n = 13)
 Median age 32.8 ± 7.7
 Gender
  Male 6 (46.15%)
  Female 7 (53.85%)
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Suppression assay

HLA-DR− CD33+CD11b+ cells were purified and sorted as 
described. The responder CD8+ T cells acquired from NF2 
patients were stained with 1.5 µM CFSE (Molecular Probe/
Invitrogen) and then stimulated with a T-cell activation and 
expansion kit (Miltenyi Biotech) and incubated with HLA-
DR− CD33+CD11b+ cells at 4:1 for 5 days. Flow cytometry 
was used to measure the proliferation of T cells based on 
the CFSE dilution. Briefly, CFSE-labeled responder cells 
were harvested and then washed with PBS containing 0.1% 
NaN3 and 0.1% FBS. For blocking experiments, anti-TGF-β 
neutralizing monoclonal antibody (10 µg/ml; R&D Systems) 
was used. The recovery rate of proliferative T cells was 
determined as follows:

For determination of IFN-γ responses, after 48 h of cul-
ture, ELISA (eBioscience) was used to examine the super-
natants from the suppression assay according to the manu-
facturer’s instructions.

For functional analysis of in  vitro generated HLA-
DR−CD33+CD11b+ cells, HLA-DR− CD33+CD11b+ cells 
were sorted as described. The PBMC were co-cultured 
with NF2-associated schwannoma cells (≤ 4 passages) for 
3 days. Cells were analyzed after 3 days by gating the HLA-
DR− CD33+CD11b+ population.

Quantitative polymerase chain reaction (RT‑PCR)

The HLA-DR−CD33+CD11b+ cells and CD33− cells were 
sorted as described previously. Total RNA was extracted 
using TRIzol reagent (Transgene), and RNA purity and con-
centrations were measured using a Nanodrop 1000 spectro-
photometer (Nanodrop Technologies). cDNA was prepared 
using a PrimeScript™ RT reagent Kit with gDNA Eraser 
(TAKARA, Kyoto, Japan), and qRT-PCR were performed 
with SYBR® Premix Ex Taq™ (TAKARA) using GAPDH 
as a control for normalization of the data. Oligonucleotide 
primers for human ARG1, INOS, NOX2, TGFβ and GAPDH 
were from Origene Co. (Rockville, MD, USA). Gene expres-
sion was normalized to GAPDH expression using the 2−ΔΔCT 
method.

Statistical analysis

Differences in quantitative normally distributed variables 
between two groups were tested with Student’s t test and p 
value less than 0.05 were considered to indicate statistical 
significance. Data are expressed as the mean ± SEM, and 

% proliferated T cells in the presence of mAb% − proliferated T cells in co-cultures

% proliferated T cells in mAb
× 100%.

analyses were performed using Prism 6 software, GraphPad 
Software (La Jolla, CA, USA).

Results

Patient characteristics

An overview of the clinical details of NF2 patients is 
given in Supplemental Table 1. All the patients underwent 
enhanced cranial magnetic resonance imaging examinations 
and fulfilled the Manchester criteria for diagnosis of NF2. 
Among the 23 patients with NF2, 9 (39.13%) were male, 
and 14 (60.87%) were female. The age at diagnosis ranged 
from 14 to 46 years, with a mean age of 28 years (standard 

deviation (SD) ± 9.6 years). And we also identified the tumor 
infiltrating lymphocytes (TILs) and their immunophenotype 
in the resected schwannoma tissue through immunohisto-
chemical staining. The results show that there are CD4+, 
CD8+ and CD20+ TILs in the resected schwannoma tissue 
(Supplemental Fig. 1).

Immunosuppression of NF2 patients versus healthy 
donors

We first assessed the immune status of NF2 patients com-
pared to healthy subjects. Analysis of serum samples showed 
that TGF-β (p = 0.0062) and IL-10 (p = 0.0034) levels were 
significantly higher in NF2 patients (n = 23) compared to 
healthy donors (n = 13) (Fig. 1a). We also observed lym-
phocytes from NF2 patients proliferated slower (p = 0.019) 
(Fig. 1b) and secreted less IFN-γ after stimulation than 
healthy donors (p = 0.0092) (Fig. 1c).

HLA‑DR− CD33+CD11b+ cell frequency in PBMCs 
and tumors of NF2 patients

Before evaluating the suppressive function of HLA-
DR−CD33+CD11b+ cells, we assessed whether this pop-
ulation is enriched in NF2 patients compared to healthy 
subjects. The percentage of MDSCs in the current study 
is shown as the percentage of CD33+CD11b+ in gated 
HLA-DR− cells (Sade-Feldman et  al. 2016) (Fig.  2a). 
Analysis of blood samples showed that the frequency of 
HLA-DR− CD33+CD11b+ cells was significantly increased 
in the PBMCs of NF2 patients (n = 23, p = 0.0001) com-
pared with healthy donors (n = 13) (Fig. 2a), and we also 
found that HLA-DR− CD33+CD11b+ cells accumulated 
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in NF2-associated schwannomas (n = 11, 16.79 ± 3.621%) 
(Fig.  2a). As expected, surgical removal of the NF2-
associated schwannoma reduced the percentage of HLA-
DR− CD33+CD11b+ cells in PBMCs (n = 5) (Fig. 2b).

NF2‑associated schwannoma cells could induce 
monocytes transformation into an HLA‑DR− 
CD33+CD11b+ phenotype

Previous studies have reported that melanoma can induce 
monocytes into a similar myeloid-derived suppressor cell 
population in a proximity-dependent fashion. To examine 
whether NF2-associated schwannoma-educated mono-
cytes were phenotypically similar to MDSCs, we co-cul-
tured CD14+ monocytes enriched from healthy individu-
als with separated primary NF2-associated schwannoma 
cells (≤ 4 passages) in round-bottomed 96-well plates. In 
line with our expectation, when cells were co-cultured 
with NF2-associated schwannoma cells, the percentage 

of HLA-DR− CD33+CD11b+ cells was increased (n = 5) 
(Fig.  2c). And we further detected IL-1β, IL-6, TNFα, 
VEGF, and GM-CSF expression in 5 cases of primary 
NF2-associated schwannoma cells (≤ 4 passages) using 
quantitative RT-PCR techniques, results show that IL-1β 
(p = 0.0002), TNFα (p < 0.0001), and GM-CSF (p = 0.0021) 
was significantly higher expression in NF2-associated 
schwannoma cells in comparison with primary normal nerve 
cells (Fig. 2d).

HLA‑DR− CD33+CD11b+ cells express higher levels 
of iNOS, TGF‑β and NOX2 mRNA and can inhibit 
autologous T cell proliferation

The increased frequencies of HLA-DR− CD33+CD11b+ 
cells detected in NF2 patients suggested immunosup-
pressive activity that leads to an impaired immuno-
logical status. We thus further characterized the HLA-
DR−CD33+CD11b+ cells in NF2 patients. We sorted the 

Fig. 1   NF2 patients are in an immunosuppressed state. a An ELISA 
was performed with serum from NF2 patients or healthy subjects for 
IL-6, IL-10, GM-CSF, TNFα, IFN-γ and TGF-β. b Cytometric (up) 
and statistical (down) analysis of the proliferation of the lympho-

cytes from NF2 patients or healthy subjects. c PBMCs from healthy 
donors and NF2 patients were stimulated with PMA and ionomycin, 
and IFN-γ release from culture supernatants was measured. *p < 0.05, 
**p < 0.01, ***p < 0.005 compared to the healthy donor (HD) group
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HLA-DR− CD33+CD11b+ cells and CD33− cells from 
PBMCs of NF2 patients (n = 6) using flow cytometry 
and compared ARG-1, iNOS, NOX2 and TGF-β mRNA 
expression levels through RT-PCR. Representative histo-
grams of the expression of different transcription factors 
are shown in Fig. 3a. The results shows that iNOS, NOX2 
and TGF-β mRNA expression levels upregulated in HLA-
DR− CD33+CD11b+ cells, however, we did not detect the 
increase in ARG-1 mRNA expression (data not shown).

For functional analysis, sorted HLA-DR− CD33+CD11b+ 
cells were added to autologous anti-CD3/CD28-stimulated 
CD8+ T cells, and proliferation and IFN-γ production were 
analyzed. HLA-DR− CD33+CD11b+ cells suppressed CD8+ 
T cell proliferation and IFN-γ secretion of autologous CD8+ 
T cells (Fig. 3b). When CD33− cells were used as controls, 

they failed to suppress CD8+ T cell proliferation or IFN-γ 
release of the responding CD8+ T cells as expected (Fig. 3b).

HLA‑DR− CD33+CD11b+ cells induce TGF‑β secretion 
in cultured T cells

The cytokine secretion profile of HLA-DR−CD33+CD11b+ 
cells was analyzed. HLA-DR−CD33+CD11b+ cells did not 
secrete IL-4, IL-12, IL-10 or TGF-β as measured by ELISA 
(data not shown). However, TGF-β was detected in cell 
supernatants of HLA-DR− CD33+CD11b+ cells co-cultured 
with autologous CD8+ T cells (Fig. 4a). Next, we tested 
whether TGF-β secretion impaired the proliferation of CD3/
CD28-stimulated CD8+ T cells using a specific neutralizing 

Fig. 2   NF2 patients have an increased number of HLA-DR− 
CD33+CD11b+ cells in peripheral blood. a Cytometric (up) 
and statistical (down) analysis of the percentage of HLA-DR− 
CD33+CD11b+ cells in peripheral blood or tumors of NF2 patients 
or healthy donors. b Surgical removal of NF2-associated schwan-
nomas reduced the percentage of HLA-DR− CD33+CD11b+ cells in 

PBMCs (n = 5). c NF2-associated schwannoma cells induced mono-
cytes transformation into an HLA-DR− CD33+CD11b+ cell pheno-
type (n = 5). ***p < 0.005 compared to the healthy donor (HD) group. 
d NF2-associated schwannoma cells express higher IL-1β, GM-CSF 
and TNFα 
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antibody, which resulted in a 53% increase in proliferation 
(Fig. 4b).

HLA‑DR− CD33+CD11b+ cells induce 
CD4+CD25+Foxp3+ regulatory T cells

We further examined the T cells from the co-cultures for regu-
latory phenotype. Sorted HLA-DR−CD33+CD11b+ cells and 
CD33− cells were incubated with autologous CD3/CD28-
stimulated CD3+ T cells for 3 days and CD4+CD25+Foxp3+ 

regulatory T cells percentage was evaluated by intracel-
lular staining. A higher frequency CD4+CD25+Foxp3+ 
cells was detected when CD3+ T co-cultured with HLA-
DR− CD33+CD11b+ cells in comparison with CD33− cells 
(p = 0.0361) (Fig. 5).

Fig. 3   HLA-DR− CD33+CD11b+ cells show immunosuppressive 
activity. a HLA-DR− CD33+CD11b+ cells express higher iNOS, 
NOX2 and TGF-β. b Sorted HLA-DR− CD33+CD11b+ cells were 
added to autologous anti-CD3/CD28-stimulated CD8+ T cells, and 

proliferation was analyzed. HLA-DR− CD33+CD11b+ cells sup-
pressed CD8+ T-cell proliferation of autologous CD8+ T cells and 
IFN-γ secretion

Fig. 4   HLA-DR− CD33+CD11b+ cell inhibition of T-cell proliferation partially depends on TGF-β secretion. a HLA-DR− CD33+CD11b+ cells 
induce TGF-β secretion in cultured T cells. b Specific neutralizing antibody reduced CD8+ T-cell proliferation
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Discussion

In this study, we show that NF2 patients are in an immuno-
suppressed state with elevated IL-10 and TGF-β expression 
in plasma, and the lymphocytes from NF2 patients prolifer-
ated slower and secreted less IFN-γ than those from nor-
mal healthy subjects. In addition, our study also shows that 
HLA-DR−CD33+CD11b+ cells are significantly increased 
in peripheral blood and infiltrated into the tumor of NF2 
patients. These cells expressed higher levels of iNOS, NOX2 
and TGF-β. When co-cultured with autologous CD8+ T 
cells, HLA-DR−CD33+CD11b+ cells from NF2 patients 
induced TGF-β secretion in cultured T cells to inhibit T cells 
proliferation. Thus, these cells may represent a population of 
MDSCs in NF2. Further research is required for the develop-
ment of novel strategies for tumor immunotherapy, which 
could provide a new effective treatment for NF2 patients.

An immunosuppressive tumor microenvironment plays a 
key role in tumor progression, and it is also a major obsta-
cle for efficient tumor immunotherapy (Danelli et al. 2015; 
Kalathil and Thanavala 2016). Accordingly, there is now 
unanimous agreement that host immune cells succumb to 

immunosuppressive forces induced by brain tumor cells and 
therefore become converted into active participants that pro-
mote tumor progression (Wainwright et al. 2012). Based on 
this central tenet, it is now understood that for brain tumor 
treatments to be maximally effective, immunotherapeutic 
strategies must both reverse the immunosuppression in 
leukocytes and target the central hubs within tumor cells 
that regulate those immunosuppression-inducing pathways 
(Lieberman et al. 2016).

Here, our study is the first to report that NF2 patients are 
in an immunosuppressed state, and interestingly, we found 
that IL-10 and TGF-β expression in the plasma of NF2 
patients is significantly up regulated. These two cytokines 
are two of the major immunosuppressive cytokines secreted 
by MDSCs, and they are major players in tumor-mediated 
immunosuppression. Therefore, we next evaluated the 
MDSCs in NF2 patients.

MDSCs were first characterized in mice and identified 
as Gr1+CD11b+ cells (Gabrilovich and Nagaraj 2009), 
while in humans, MDSCs do not have 100% sensitive or 
specific markers, and markers can even differ among tumor 
types (Youn and Gabrilovich 2010). Generally, MDSCs 

Fig. 5   HLA-DR− 
CD33+CD11b+ cells induce 
CD4+CD25+Foxp3+ regu-
latory T cells. Cytometric 
(up) and statistical (down) 
analysis of the percentage of 
CD4+CD25+Foxp3+ regulatory 
T cells
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are characterized by the expression of the myeloid markers 
CD11b and CD33 and low or absent HLA-DR. Therefore, we 
next examined the percentage of HLA-DR− CD33+CD11b+ 
cells in NF2 patients.

As expected, the percentage of HLA-DR− CD33+CD11b+ 
cells was significantly higher in NF2 patient PBMCs com-
pared to those from healthy individuals. In addition, we 
found that HLA-DR− CD33+CD11b+ cells infiltrated into 
NF2-associated schwannomas; surgical removal of the 
tumor reduced the percentage of these cells in PBMCs, 
and tumor cells could transform monocytes into an HLA-
DR− CD33+CD11b+ phenotype. Studies have reported that 
MDSC-induction capacity correlated directly with tumor 
cell line expression of IL-1β, IL-6, TNFα, VEGF, and GM-
CSF (Lechner et al. 2011), so we further detected these five 
genes expression in five cases of primary NF2-associated 
schwannoma cells (≤ 4 passages) using quantitative RT-
PCR techniques, results show that IL-1β, TNFα, and GM-
CSF was significantly higher expression in NF2-associated 
schwannoma cells in comparison with primary normal nerve 
cells (Fig. 2d), thus it may partly illustrate that the ability of 
the mechanism of NF2-associated schwannoma cells induc-
ing MDSC.

And further we also evaluate the NF2 mutation relative to 
immunosuppression, we selected 20 cases of NF2 patients 
which already get mutation information to detect the periph-
eral MDSC percentage, including 6 cases of truncating muta-
tions (3 cases of nonsense mutations and 3 cases of frame 
shift mutations), 5 cases of splice site mutations, 5 cases of 
large deletions and 4 cases of missense mutations (the muta-
tion type data are shown in Supplemental Table 3), and next 
we analyzed the possible correlation between the mutation 
type and the percentage of HLA-DR−CD33+CD11b+ cells. 
As shown in Supplemental Fig. 1, we divided the measured 
data into two groups: Truncating mutations group, repre-
sent severe clinical symptoms, and other mutations groups, 
represents less severe symptoms. We found that truncating 
mutations group has a higher MDSC percentage in com-
parison with other mutations groups (p < 0.0001), however, 
there was no significant difference among different muta-
tions within the truncating mutations group or other muta-
tions groups. The above results illustrated that it may be not 
the certain mutation type but the severity of the disease has 
an influence on the immunosuppression.

Suppression of T-cell activation is a hallmark of human 
MDSC activity (Youn and Gabrilovich 2010). As most 
human MDSCs have no or very low levels of MHC II, 
most suppression of CD4+ T cells is not considered being 
antigen-specific (Trikha and Carson 2014). In vitro stud-
ies also demonstrated that cell-to-cell contact or very close 
proximity is essential for MDSC-mediated suppression (De 
Wilde et al. 2009), and thus, we chose CD8+ T cells and 
co-cultured them with HLA-DR− CD33+CD11b+ cells in 

round-bottomed 96-well plates for suppression assays. As 
expected, HLA-DR− CD33+CD11b+ cells significantly 
inhibited autologous T-cell proliferation, indicating that 
HLA-DR− CD33+CD11b+ cells contribute to the immune 
suppressive microenvironment in NF2 patients.

MDSCs affect the metabolism of arginine and tryptophan, 
which leads to inhibition of the T-cell antitumor immune 
response. ARG-1 and NOS production is a major suppres-
sive mechanism of MDSCs (Obermajer et al. 2012). The 
enzyme iNOS (inducible nitric oxide synthase) converts 
arginine into citrulline and NO (Lechner et al. 2005), and 
ARG-1 converts arginine into ornithine and urea (Yeon et al. 
2016). This conversion downregulates the TCR-associated 
z chain, which is critical for T-cell activation because it 
activates cyclin D3 and cyclin-dependent kinase, which ini-
tiate cell proliferation (Zeng et al. 2014). And our results 
shows that iNOS, NOX2 and TGF-β mRNA expression levels 
upregulated in HLA-DR− CD33+CD11b+ cells compared 
to CD33− cells. However, we did not detect higher expres-
sion of ARG-1 mRNA in HLA-DR− CD33+CD11b+ cells. 
In support of our data, Roberta Valenti et al. have proved 
that CD14+HLA-DR−/low cells identified in melanoma 
did not show any arginase activity with TGF-β-mediated 
immunosuppressive activity (Valenti et al. 2006). And in 
current study, we found that HLA-DR− CD33+CD11b+ cells 
suppressed CD8+ T-cell proliferation and IFN-γ secretion 
of autologous CD8+ T cells in a dose-dependent manner, 
and TGF-β was detected in cell supernatants of HLA-
DR− CD33+CD11b+ cells co-cultured with autologous 
CD8+ T cells. TGF-β has been a focus throughout tumor 
biology for nearly 4 decades (Costanza et al. 2017; Law-
rence 1985). It became a major focus due to its effects on 
the maintenance of tumor progression (Sun et al. 2016). In 
addition, studies have demonstrated the important role of 
TGF-β signaling in MDSCs. Using a specific antibody, we 
confirmed that TGF-β also plays a key role in the immuno-
suppressive activity of HLA-DR− CD33+CD11b+ cells from 
NF2 PBMCs.

Tregs are an important composition of tumor-related 
immune suppression subject to regulatory influences by 
MDSCs (Holmgaard et al. 2015; Lee et al. 2016). Tregs are 
recruited by MDSC release of IL-10 and TGF-β (Coose-
mans et al. 2016). Some research has successfully proved 
that MDSC-derived TGF-β and retinoic acid could transform 
Th17 cells into Foxp3 positive Tregs (Hoechst et al. 2011). 
And our results also suggests that HLA-DR− CD33+CD11b+ 
cells in NF2 patients could induce CD4+CD25+Foxp3+ reg-
ulatory T cells, further illustrating the immunosuppressive 
function of HLA-DR− CD33+CD11b+ cells.

In summary, we describe an immunosuppressive MDSC 
population characterized by an HLA-DR− CD33+CD11b+ 
phenotype in peripheral blood and tumors of NF2 patients, 
and we are the first to report that NF2 patients are in an 
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immunosuppressed state. Dissecting the mechanisms behind 
these suppressive mechanisms will be helpful for the design 
of effective immunotherapeutic protocols and likely provide 
a new effective treatment for NF2 patients.
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