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ABSTRACT
Background  Natural killer (NK) cells are key effector 
cells of antitumor immunity. However, tumors can 
acquire resistance programs to escape NK cell-mediated 
immunosurveillance. Identifying mechanisms that mediate 
this resistance enables us to define approaches to 
improve immune-mediate antitumor activity. In previous 
studies from our group, a genome-wide CRISPR-Cas9 
screen identified Charged Multivesicular Body Protein 2A 
(CHMP2A) as a novel mechanism that mediates tumor 
intrinsic resistance to NK cell activity.
Methods  Here, we use an immunocompetent mouse 
model to demonstrate that CHMP2A serves as a targetable 
regulator of not only NK cell-mediated immunity but 
also other immune cell populations. Using the recently 
characterized murine 4MOSC model system, a syngeneic, 
tobacco-signature murine head and neck squamous cell 
carcinoma model, we deleted mCHMP2A using CRISPR/
Cas9-mediated knock-out (KO), following orthotopic 
transplantation into immunocompetent hosts.
Results  We found that mCHMP2A KO in 4MOSC1 cells 
leads to more potent NK-mediated tumor cell killing in 
vitro in these tumor cells. Moreover, following orthotopic 
transplantation, KO of mCHMP2A in 4MOSC1 cells, but 
not the more immune-resistant 4MOSC2 cells enables 
both T cells and NK cells to better mediate antitumor 
activity compared with wild type (WT) tumors. However, 
there was no difference in tumor development between 
WT and mCHMP2A KO 4MOSC1 or 4MOSC2 tumors when 
implanted in immunodeficient mice. Mechanistically, we 
find that mCHMP2A KO 4MOSC1 tumors transplanted into 
the immunocompetent mice had significantly increased 
CD4+T cells, CD8+T cells. NK cell, as well as fewer 
myeloid-derived suppressor cells (MDSC).
Conclusions  Together, these studies demonstrate that 
CHMP2A is a targetable inhibitor of cellular antitumor 
immunity.

INTRODUCTION
Natural killer (NK) cells are a key part of the 
innate immune system and possess intrinsic 
killing activity against tumors without prior 
antigen priming.1 2 NK cells comprise 
5%–15% of peripheral blood lymphocytes 

and are characterized as CD3−CD56+ lympho-
cytes in humans and CD3− NK1.1+NKp46+ 
in mice.3 4 While T cells recognize antigen 
peptides presented on the surface of the 
major histocompatibility complexes (MHC) 
through their T cell receptors (TCRs),5–8 
NK cells do not rely on a TCR for their acti-
vation.9 10 Instead, NK cell responses are 
controlled by multiple signals from diverse 
inhibitory and activating receptors.9 11 NK 
cells sense HLA class I molecules via inhibi-
tory killer cell immunoglobulin-like receptors 
(KIRs) and the inhibitory signaling from KIRs 
blocks NK cell-mediated killing.6 12 Tumor 
cells that downregulate MHC I to avoid T 
cell-mediated immune surveillance are recog-
nized by NK cells, which, in turn, selectively 
target those tumor cells with absent MHC I 
molecules due to recognition of these ‘missing 
self’ targets.9 13–15 Despite the variety of recep-
tors NK cells possess to detect tumors, tumor 
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cells become resistant to and escape NK cell-mediated 
immune surveillance by various mechanisms.16 17

A previous study from our group conducted CRISPR/
Cas9-mediated two-cell type screen to identify CHMP2A 
as novel a gene that mediates tumor cell resistance to 
NK cell-mediated cytotoxicity.18 CHMP2A is a member 
of the ESCRTIII complex and regulates the secretion 
of tumor-derived chemokines and extracellular vehi-
cles (EVs).19–21 Specifically, CHMP2A mediates secre-
tion of EVs expressing NK cell activating ligands such as 
MHC class I chain-related proteins A and B (MICA/B), 
which act as a decoy to inhibit NK cells killing of tumor 
cells.18 19 22 23 Tumor cells modify the tumor microenviron-
ment (TME) to become immunosuppressive by secreting 
EVs expressing MHC Class I, MICA/B, and ligands 
for NK cell activating receptor NK group2 member D 
(NKG2D).24–26 Expression of MICA/B on the surface of 
EVs inhibits NK cell-mediated antitumor activity.27 28 In 
addition, these EVs also express tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL) or Fas ligand 
(FasL) which induce apoptosis in NK cells.18 These 
studies demonstrated that deletion of CHMP2A in both 
glioblastoma and head and neck squamous cancer cell 
(HNSCC) tumors increases allogeneic NK cell-mediated 
killing both in vitro and in vivo using a xenograft mouse 
model.18 Other recent studies demonstrate the ESCRT 
complex can repair T cell-mediated perforin holes in 
tumor cells to delay or prevent T cell-induced killing.29 
Therefore, CHMP2A and the ESCRT complex enable 
a broader mechanism of resistance to immune cell-
mediated antitumor activity.

HNSCC is one of the most aggressive solid tumors 
leading to its high mortality, morbidity, and risk for recur-
rence.30 31 Furthermore, HNSCC is among the most highly 
immune-infiltrated cancer types, yet response rates to T 
cell checkpoint inhibitor immunotherapies are typically 
low.30–33 Studies of NK cell-mediated antitumor activity 
against HNSCC demonstrate that a higher infiltration of 
NK cells into these tumors correlates significantly with 
the patient’s prognosis and survival.34 35

While our previous studies identified the ability 
of CHMP2A to inhibit NK cell-mediated antitumor 
activity in an NSG xenograft model,18 we now used a 
murine syngeneic model to analyze the broader role of 
mCHMP2A on HNSCC antitumor activity in vivo using 
immune competent mice.36–38 4MOSC1 and 4MOSC2 
cells were derived by exposure to 4-nitroquinoline-1 
oxide, a tobacco-associated carcinogen, on the tongue of 
C57Bl/6 mice.36 38 Previously, we demonstrated that the 
4MOSC1 tumors respond to anti-CTLA-4 treatment while 
the more immune-resistant 4MOSC2 tumors failed to 
respond to anti-CTLA-4 treatment.36 Here, we deleted the 
mCHMP2A gene in the 4MOSC1 and 4MOSC2 HNSCC 
lines and then implanted wild type (WT) or 4MOSC1 and 
4MOSC2 mCHMP2A knock-out (KO) cells orthotopically 
into the tongues of immunocompetent C57BL/6 mice. 
Mice injected with 4MOSC1 mCHMP2A-KO cells (though 
not 4MOSC2 mCHMP2A-KO cells) showed a significant 

decrease in tumor volume and increased immune cell 
infiltration when compared with mice injected with 
4MOSC1-WT cells. However, when injected into immu-
nodeficient NSG mice, there was no difference in tumor 
growth of the mCHMP2A-KO compared with WT cells for 
either the 4MOSC1 or 4MOSC2 tumors. Together, these 
studies demonstrate that mCHMP2A plays an important 
role in immune cell-mediated antitumor activity of 
immune-sensitive tumors in vivo.

MATERIALS AND METHODS
Cell culture
4MOSC1 WT and 4MOSC2 WT cell lines were derived 
as previously described36 and were cultured in Defined 
Keratinocyte SFM (ThermoFisher #10744019) supple-
mented with 5 ng/mL EGF Recombinant Mouse Protein 
(Thermofisher # PMG8041), 0.0001 nM/mL Cholera 
Toxin (Sigma-Aldrich, #C8052), and 1% penicillin/strep-
tomycin (Sigma-Aldrich #A5955).

CRISPR-Cas9 gene editing
mCHMP2A-KO was performed on 4MOSC1 and 4MOSC2 
cells using the RNP complex protocol provided by Inte-
grated DNA Technologies (IDT; Coralville, Iowa, USA). 
(Alt-R CRISPR-Cas9 system, IDT). Three CRISPR RNAs 
(crRNAs) targeting exon 1 of the mCHMP2A gene: 
crRNA#1, ​CCAACGACAACCCCTCGGTT; crRNA#2, ​
GTACGCTTGAGTAGTCAAAA; crRNA #3: ​GTTGTGAG-
GCCCCTCGACAA were used. RNA oligos are purchased 
from IDT and resuspended in 1×Tris EDTA (TE), PH 8, 
solution (IDT, Coralville) to the desired concentration of 
200 µM. Designed crRNAs were synthesized with nonspe-
cific Alt-R CRISPR-Cas9 tracrRNA ATTO 550 (IDT 
#1075927) into gRNAs. 8×105 4MOSC1 and 4MOSC2 
cells were each nucleofected using the Amaxa 2D nucleo-
fector (Lonza) and Mouse Neural Stem Cell Nucleofector 
Kit (Lonza #VAPG-1004) following the manufactur-
er’s protocol. After nucleofection, cells were seeded in 
Matrigel coated plates. 48 hours after nucleofection, cells 
were plated into Matrigel coated 96 well plates using the 
limiting dilution method (Corning, Massachusetts, USA). 
Single clones were collected and deletion of mCHMP2A 
was assessed by PCR and immunoblotting.

PCR gel electrophoresis
DNA from 4MOSC1 and 4MOSC2 cells was extracted and 
purified using the QIAamp DNA Blood Mini (Qiagen 
#51104). For PCR amplification, primers spanning the 
Cas9-single-guide RNA cleavage site of exon 1 of the 
mCHMP2A gene were used: exon 1 forward primer, ​
TAGC​ACTT​CCCA​GCAT​TCCCGGA; exon 1 reverse 
primer, ​TGCT​GGTG​GAGT​CTTA​CCAC​CATGG and 
GoTaq green Master Mix (Promega #M7122) were used.

Immunoblotting
Immunoblotting was performed according to Invitrogen 
protocols for Mini Gel Tank and iBlot2 dry system (Thermo 
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Fisher Scientific #IB21001). Briefly, cell lysates were 
prepared by incubating cells with RIPA buffer (Thermo 
Fisher Scientific #89900) containing Halt Protease Inhib-
itor Cocktail (Thermo Fisher Scientific #87786) and 
quantified using Pierce BCA assay (Thermo Fisher Scien-
tific #23227). 20 µg of protein lysate was loaded on each 
gel well. Proteins were separated using NuPAGE Bis-Tris 
4%–12% gels (Thermo Fisher Scientific # NP0321BOX) 
and transferred to nitrocellulose membranes using the 
iBlot2 dry method. Membranes were blocked for 40 min 
in 4% milk and incubated with the primary CHMP2A 
Antibody (1:600) (Proteintech #10477-1-AP) in 4% milk 
overnight at 4°C. After incubating the membrane with 
the appropriate secondary antibody conjugated to horse-
radish peroxidase (1:10,000) (Goat anti-Rabbit IgG, Ther-
moFisher #31460), protein levels were detected using 
Immobilon Western Chemiluminescent HRP Substrate 
(EMD Millipore # WBKLS0500). CHMP2A overexpres-
sion 7 lysate (OL) control used in Supplemental figure 
1C was purchased from Origene # LC404873.

Mouse NK cell isolation
Five C57Bl/6 mice were injected with 200 µg of poly I:C 
per injection and resuspended in sterile water (Invivogen 
#tlrl-picw) 1 day before isolating NK cells. Spleens from 
C57Bl/6 mice were collected and minced into fibrous 
tissue using a plunger. Splenocytes were collected with 
5 mL of DMEM and passed through into a 100 µm cell 
strainer. 5 mL of ACK lysing buffer (Gibco #A1049201) 
was added and mixed for 5 min to lyse red blood cells. 
Then, mouse NK cells were isolated using EasySep Mouse 
NK cell isolation kit (Stemcell Technologies #19855), and 
flow cytometric analyses were performed to determine 
the percentage of NK1.1 positive NK cells.

Mouse NK cell cytotoxicity assay
Target cells were prestained with CellTrace Violet 
(Thermo Fisher Scientific #C34557) at a concentration 
of 5 mM in PBS for 15 min at 37°C. Target cells were incu-
bated in a complete culture medium containing Fetal 
Bovine Serum (FBS) for 5 min and harvested by centrif-
ugation. Target cells were resuspended in culture media 
before being mixed with mouse NK cell cultures at the 
indicated effector to target ratios. Co-cultures were incu-
bated at 37°C and after 3.5 hours CellEvent Caspase-3/7 
Green Detection Reagent (Thermo Fisher Scientific 
#C10423) and SYTOX AADvanced dead cell stain solu-
tion (Thermo Fisher Scientific #S10349) were added for 
an additional 30 min of culture for a total incubation time 
of 4 hours. Cells were then analyzed by flow cytometry. 
Mouse NK cell killing was calculated by subtracting the 
background of untreated target cells from all the other 
samples of the same experimental group.

In vivo mouse experiments and analysis
All mice were housed, treated, and handled in accor-
dance with the guidelines set forth by the University of 
California, San Diego Institutional Animal Care and Use 

Committee (IACUC, Ref# S16082) and the National 
Institutes of Health’s Guide for the Care and Use of 
Laboratory Animals. 4MOSC1 and 4MOSC2 cells were 
transplanted (1×106 cells per mouse) into the tongue of 
4–6 weeks old female C57Bl/6 mice and NOD.Cg-Prkdcs-

cidIL2rgtm1Wjl/Sz (NSG) mice (Jackson Laboratories), as 
previously described36 37 . Tumor volume was monitored 
using calipers every 2–3 days. Mice were euthanized when 
necrosis of tongue tumor tissue was observed or at the 
experiment endpoint. For drug treatment, the mice were 
treated by intraperitoneal injection with anti-CD4 (Clone 
GK1.5), anti-NK1.1,(Clone PK136) or anti-CD8 antibody 
(Clone YTS 169.4, Bio X Cell) (10 mg/kg) on the day of 
tumor implantation (day 0), 2 days after implantation 
(day 2), 4 days after implantation (day 4) and then every 
4 days thereafter. The mice were then euthanized after 
the completion of the treatment (or when control-treated 
mice showed tumor necrosis)

Tissue isolation and flow cytometry
Tumors and other tissues were isolated and stained 
following the previously established protocols36–38 on day 
10 of injection. Briefly, tumors, spleen, and lymph nodes 
were dissected, minced, and mechanically digested in 
Tumor Dissociation Kit, mouse (Miltenyi Biotec #130-
096-730) in combination with the gentleMACS dissoci-
ator (Milteny Biotec #130-093-235). In case of tumors, 
tongue tissue was first dissected. Then, the parts of tongue 
containing tumor were further dissected for indicated 
procedures. Tumor and tissue suspensions were washed 
with media and passed through a 100 µm cell strainer. 
Cells were washed with PBS and immediately processed 
for live/dead cell staining and cell surface staining. 
Staining was done for 30 min at 4°C with the following 
antibodies (Biolegend, used at 1:100 unless specified): 
CD45 BUV496 (748371, clone 30-F11), Slamf6-Pacific 
Blue (134608, clone 330-AJ), PD-1 BV510 (135241, clone 
29F.1A12), CD8 BV711 (100747, clone53-6.7), CD44 
BV785 (100747, clone IM7), CD3 FITC (100204, clone 
17A2), CD4 BB700 (745922, clone GK1.5), CD19 PE 
(553786, clone 1D3), CXCR3 PE Dazz (745922, clone 
S18001A), Tim3 PECy7 (119716, clone RMT3-23), NK1.1 
APC (108710, clone PK136), CD62L APC Cy7 (104428, 
clone MEL-14), XCR1- BV421 (148216, clone ZET), 
CD11b BV711 (101242, clone N418), MHCII PECy5 
(107626, clone M5/114.15.2, 1:200), Ly6C PE (128008, 
clone HK1.4), CD64 PE Dazz (139320, clone X54-5/7.1), 
Ly6G PECy7 (127618, clone 1A8), PD-L1 APC (124312, 
clone 10F.9G2), CD103 APC Cy7 (121432, clone 2E7). 
Flow cytometry data acquisition was done using BD 
LSRFortessa and analyzed using FlowJo. Immune cells 
were identified by the following markers: cytotoxic T cells 
(CD45+CD3+CD8+), helper T cells (CD45+CD3+CD4+), 
NK cells (CD45+NK1.1+CD3-), and PMN-myeloid-derived 
suppressor cell (MDSCs) (CD45+NK1.1-CD11b+CD11c-Ly-
6ClowLy6G+). Gating strategy for flow cytometry is shown 
in online supplemental figure 6.

https://dx.doi.org/10.1136/jitc-2023-007187
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IMMUNOFLUORESCENCE ANALYSIS
4MOSC1 and 4MOSC2 cells were transplanted (1×106 cells 
per mouse) into the tongue of 4–6 weeks old female C57Bl/6 
mice. On day 10, tongue tissue with area of tumor injection 
was harvested, fixed, and embedded in paraffin. Staining 
was performed on intellipath automated IHC stainer 
(Biocare). Slides were stained for anti-CD3 (Rabbit, Abcam, 
ab16669, 1:500), anti-NK 1.1 (Mouse, Thermofisher, MA1-
70100, 1:100), and anti-CD11b (Rat, Invitrogen 14-0112-82, 
1:500) for 1 hour. Stained slides were scanned with Fluores-
cent Phenolmager (Akoya Biosciences) and Phenochart 
(Akoya Biosciences) software was used for image analysis.

Chemokine expression profile
Tongue tumors were dissected and lysed in RIPA lysis 
buffer supplemented with protease and phosphatase 
inhibitors.36 Samples were analyzed on the Mouse Chemo-
kine Array (EveTechnologies, Canada).

EVs harvesting and analysis
On day 1, WT or mCHMP2A KO cells were resuspended 
in Defined Keratinocyte SFM and 0.5×106 cells were plated 
on 100 mm cell culture dishes and cultured at 37°C for 
3 days. On day 3, conditioned media were collected 
and centrifuged at 3000×g for 15 min to remove cell 
debris. 1:5 ExoQuick ULTRA EVs Isolation Kit for Tissue 
Culture Media (SBI System Biosciences) was added to 
the collected media and incubated overnight at 4°C. On 
day 4, the media was centrifuged at 3000×g for 10 min, 
supernatant was removed and the pellet was resuspend 
in 1 mL of 0.22 µm filtered PBS. Isolated EVs were incu-
bated with primary staining with mRae (AF1136-SP, R&D 
Systems) mULBP (MAB2588-SP, R&D Systems), and 
mH60 (MAB1155-SP, R&D Systems) for 30 min on ice and 
washed with flow buffer. Samples were then stained with 
anti-Rat IgG PE-conjugated secondary antibody for 30 min 
on ice and were resuspended in 200 µL flow buffer for flow 
cytometric analysis. The size and number of collected EVs 
were analyzed by ViewSizer 3000 (HORIBA scientific).

STATISTICAL ANALYSIS
For in vitro assays, experimental conditions were run 
as biological triplicates and experimental duplicates. 
All experiments were combined for statistical analysis. 
For in vivo experiments, each independent experiment 
included five mice per group. All data are represented 
as means and error bars as SD. For correlation analysis, 
the immune infiltration rate was plotted against tumor 
volume and the best-fit line and correlation coefficient 
value (R2) was calculated through GraphPad Prism. All 
statistical analysis was analyzed through GraphPad Prism 
software.

RESULTS
Deletion of mCHMP2A in the 4MOSC1 and 4MOSC2 HNSCC 
lines
Previous studies from our group identified human 
CHMP2A as a novel regulator of NK cell-mediated 

antitumor activity in diverse solid tumors.18 Here, we 
aimed to test the role of mCHMP2A in an immunocom-
petent mouse model to further identify immunosup-
pressive mechanisms and cell populations regulated by 
mCHMP2A activity. For this approach, the mCHMP2A 
gene was deleted using RNP-directed CRISPR-Cas9 gene 
editing in 4MOSC1 and 4MOSC2 HNSCC cell lines.36 
Three crRNA sequences were designed to target exon 
1 of the mCHMP2A gene (online supplemental figure 
1A). Transfection efficiency was greater than 90% in the 
4MOSC1 and 4MOSC2 cell lines, as indicated by ATTO 
550-labeled tracrRNA fluorescence (online supple-
mental figure 1B). Deletion of the mCHMP2A gene was 
confirmed with PCR and the lack of mCHMP2A protein 
expression was confirmed by immunoblot (online supple-
mental figure 1C). Clone B and C were further expanded 
and used for the rest of the experiment.

Loss of mCHMP2A in 4MOSC1 HNSCC increases sensitivity to 
mouse NK cell-mediated killing
To test murine NK cell antitumor activity against these 
cells, mouse NK cells were isolated from the C57Bl/6 (B6) 
mice and characterized by flow cytometry (online supple-
mental figure 2A). Isolated mouse NK cells were used in 
a standard cytotoxicity assay against 4MOSC1, 2 WT and 
mCHMP2A KO tumor targets (figure  1A,B). Similar to 
previous studies using human NK cells against human 
tumor targets,18 mouse NK cell-mediated killing activity 
against the mCHMP2A KO cells was notably increased for 
the 4MOSC1 mCHMP2A KO tumor target compared with 
the 4MOSC1 WT cells (figure 1A). In contrast, there was 
no difference in NK cell-mediated cytotoxicity between 
4MOSC2 mCHMP2A KO and 4MOSC2 WT tumor cells 
(figure 1B).

4MOSC1 KO, but not 4MOSC2 KO, tumors spontaneously 
regress in vivo
To evaluate whether mCHMP2A KO increases tumor 
sensitivity to NK cells and other immune cells in vivo, we 
used a syngeneic mouse model. 4MOSC1 WT, 4MOSC1 
mCHMP2A KO, 4MOSC2 WT, and 4MOSC2 mCHMP2A 
KO cells were implanted into the tongue of C57Bl/6 
immunocompetent mice. Consistent with our data 
with mCHMP2A KO in vitro, mice bearing 4MOSC1 
mCHMP2A KO cells showed spontaneous tumor regres-
sion in vivo. On day 16, mice injected with 4MOSC1 
mCHMP2A KO tumor cells had an 85% smaller tumor 
volume on average than in mice injected with 4MOSC1 
WT cells (figure  2A,C). However, 4MOSC2 mCHMP2A 
KO versus 4MOSC2 WT cells did not show any differ-
ence in tumor size in vivo (figure 2B). The average tumor 
volume for 4MOSC1 WT injected mice was 63.8 mm3 while 
4MOSC1 mCHMP2A KO injected mice had an average 
tumor volume of 9.49 mm3 at the experimental endpoint 
(figure  2C). To validate that the mCHMP2A-mediated 
difference in tumor development is immune based, we 
challenged NOD.Cg-PrkdcscidIL2rgtm1Wjl/Sz (NSG) mice, 
which lack both the innate and adaptive lymphocytes, with 

https://dx.doi.org/10.1136/jitc-2023-007187
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4MOSC1 or 4MOSC2 WT compared with mCHMP2A KO 
tumors. Here, we observed no difference in the growth 
kinetics of WT versus KO tumors (figure  3A,B). This 
difference in tumor development between cells injected 
in C57Bl/6 versus NSG mice indicates there is increased 
immune-mediated rejection of the 4MOSC1 mCHMP2A 
KO compared with the WT cells. The mechanism for resis-
tance in 4MOSC2 tumor has not been well established. 
However, our previous studies found 4MOSC2 tumors 
demonstrate elevated expressions of various chemokines 
(including CXCL1 and CXCL5) and growth factors such 

as Granulocyte colony-stimulation factor (G-CSF) and 
Granulocyte-macrophage colony-stimulating factor (GM-
CSF) in comparison to 4MOSC1 tumors.36 This height-
ened expression potentially aids in the attraction and 
maintenance of MDSCs and inflammatory cells.36 38

Deletion of mCHMP2A leads to higher immune infiltration in 
4MOSC1 tumors
On day 11 post-tumor injection, we isolated tumors 
and analyzed the infiltrating immune cell populations 
by immunofluorescence and flow cytometric analysis 

Figure 1  Deletion of mCHMP2A leads to increased NK cell cytotoxicity in vitro against 4MOSC1 cells, but not in 4MOSC2 
tumor cells. (A) In vitro 4-hour cytotoxicity assay against 4MOSC1 WT and mCHMP2A KO cells. Mouse primary NK cells were 
used as effectors. Statistical analysis was performed by two-way ANOVA (10:1 p=0.0019; 5:1 p=0.0374; 2.5:1 p=0.0197 and 
0.625:1 ns); and (B) cytotoxicity against 4MOSC2 WT and mCHMP2A KO cells. Statistical analysis was performed by two-way 
ANOVA (all E:T ratio ns). Data shown in (A, B), representative of n=2 independent experiments. ANOVA, analysis of variance; E:T, 
effector to target; KO, knock-out; NK, natural killer; WT, wild type.

Figure 2  NK cell-mediated antitumor immunosurveillance is active in 4MOSC1 but not 4MOSC2 tumors. (A) C57BL/6 mice 
were implanted with 1×106 of 4MOSC 1 WT and 4MOSC 1 mCHMP2A KO cells into the tongue. Growth kinetic curves of 
4MOSC1 tumor-bearing mice are shown as average tumor volumes (n=5 mice per group; two sited Student’s t-test). (B) C57Bl/6 
mice were implanted with 1×106 of 4MOSC2 WT and 4MOSC2 mCHMP2A KO cells into the tongue (n=5 mice per group, 
p=0.942). (C) Average tumor volumes on day 16 depicted (Individual dots represent volume of each tumor, n=5 mice per group). 
KO, knock-out; NK, natural killer; WT, wild type.
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(online supplemental figure 2A,B). We found that the 
4MOSC1 mCHMP2A KO tumors had significantly higher 
infiltration of NK, CD4+T, and CD8+T cells (figure  4). 
Specifically, 4MOSC1 mCHMP2A KO tumor tissue 
had 2.1-fold more CD4+ T cell (figure 4A) and 5.2-fold 
more CD8+ T cell (figure 4B) infiltration than what was 
seen in 4MOSC1 WT tumor tissue. Similarly, NK cells in 
4MOSC1 mCHMP2A KO tumor tissue made up 1.45% 
of all cells while in WT tumors the average was 0.35%, 
nearly a fourfold difference (figure 4A). When combined 
with the tumor growth data, the higher infiltration of 
immune cells in 4MOSC1 mCHMP2A KO corresponded 
to a 4.6-fold smaller tumor volume than 4MOSC1 WT 
cells (figure 2A). The T cell and NK cell immune infiltra-
tion rate against tumor volume was plotted to analyze the 
correlation, resulting in a negative correlation between 
immune cell infiltration and tumor volume with an R2 
value of 0.9196 and 0.7298 for CD3+T cells and NK cells, 
respectively (online supplemental figure 3A,B). That is, 
increased infiltration of T cells and NK cells corresponds 
with smaller tumor volume. However, when comparing 
the immune infiltration in 4MOSC2 tumor tissue, no 
difference was observed between mCHMP2A KO and 
WT, consistent with there being no difference in tumor 
volume in 4MOSC2 mCHMP2A KO cells (figure 2B).

We also analyzed the infiltration of MDSC, charac-
terized by CD11b+Ly6C- cells.39 Here, we found that 
4MOSC1 mCHMP2A KO tumors have less MDSC infiltra-
tion compared with 4MOSC1 WT tumors (figure 4D,H). 
Higher MDSC infiltration correlated with decreased T cell 
and NK cell infiltration and larger tumor volume in the 
4MOSC1 mCHMP2A KO tumors. Plotting MDSC infiltra-
tion against tumor size resulted in a positive correlation 
with an R2 value of 0.7846. (online supplemental figure 
3C). Moreover, there is no significant change in MDSC 
infiltration of the 4MOSC2 mCHMP2A cells compared 
with 4MOSC2 WT cells (figure 4H). Again, these results 
with the 4MOSC2 tumors are consistent with our previous 
studies.

We further compared the infiltration of T cells and 
NK cells by immunofluorescence analysis. In parallel 
with the flow cytometric analysis, immunofluores-
cence staining demonstrates more abundant CD3+ and 
NK1.1+ cells, indicating higher infiltration of T cells and 
NK cells in 4MOSC1 mCHMP2A KO compared with 
4MOSC1 WT (figure 5A–C). However, 4MOSC2 WT and 
mCHMP2A KO did not show a significant difference in 
either CD3+ and NK1.1+ cell infiltration (figure  5A–C). 
Notably, these studies demonstrate stronger fluorescence 
staining surrounding the outer side of the tumor in both 
4MOSC2 WT and 4MOSC2 mCHMP2A KO tumors, indi-
cating these tumors remain immunologically “cold” and 
less susceptible to immune cell infiltration, even with 
deletion of mCHMP2A. In contrast, mCHMP2A KO in 
4MOSC1 tumors led to much more immune cell infiltra-
tion and tumor regression when compared with its WT 
counterpart.

Additional studies of cytokines and chemokines 
expressed by these WT and mCHMP2A KO tumors 
demonstrate that deletion of mCHMP2A in the 4MOSC1 
tumors (mCHMP2A KO) leads to significantly higher 
levels of multiple cytokines and chemokines compared 
with the 4MOSC1 WT tumors (online supplemental 
figure 4A,B). Specifically, 4MOSC1 mCHMP2A KO tumor 
showed higher levels of proinflammatory cytokines/
chemokines including CXCL10, CXCL12, IL2, and IL6, 
which may lead to attraction of immune cells and tumor 
regression in immune competent mice. While deletion 
of mCHMP2A in the 4MOSC2 tumors also led to slight 
increase in some cytokines and chemokines compared 
with the 4MOSC2 WT tumors, these changes were often 
not significant and more modest than the increase seen in 
the 4MOSC1 CHMP2A KO tumors (online supplemental 
figure 4A,B). Notably, consistent with previous results, 
4MOSC2 tumors expressed higher levels of multiple 
chemokines (including CXCL1 and GM-CSF) compared 
with 4MOSC1 tumors.36 This suggests that the regula-
tion of the immune milieu is complicated by competing 

Figure 3  4MOSC1 and 4MOSC2 tumor growth in immunodeficient NSG mice. (A) NSG mice were implanted with 1×106 of 
4MOSC 1 WT and 4MOSC 1 mCHMP2A KO cells into the tongue. Shown is the average volume of each tumor (n=5 mice per 
group; two-sided Student’s t-test, p=0.868). (B) NSG mice were implanted with 1×106 of 4MOSC2 WT and 4MOSC2 mCHMP2A 
KO cells into the tongue. Shown is the average volume of each tumor (n=5 mice per group p=0.930). KO, knock-out; WT, wild 
type.

https://dx.doi.org/10.1136/jitc-2023-007187
https://dx.doi.org/10.1136/jitc-2023-007187
https://dx.doi.org/10.1136/jitc-2023-007187
https://dx.doi.org/10.1136/jitc-2023-007187
https://dx.doi.org/10.1136/jitc-2023-007187
https://dx.doi.org/10.1136/jitc-2023-007187
https://dx.doi.org/10.1136/jitc-2023-007187
https://dx.doi.org/10.1136/jitc-2023-007187
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immune regulatory factors, and further study is needed 
to determine the role of different chemokines to regulate 
immune response in HNSCC.

Depletion of immune cells diminishes antitumor activity 
against 4MOSC1 CHMP2A-KO tumors in vivo
To investigate the functional role of key immune effector 
cells in mediating the effect of mCHMP2A on the progres-
sion of 4MOSC1 tumors, we selectively depleted either 
CD8 T cells, CD4 T cells, and NK cells in vivo. As noted 
previously, untreated 4MOSC1 mCHMP2A KO tumor 
showed significantly smaller tumor volume compared 
with 4MOSC1 WT (figure 6A), 4MOSC1 KO treated with 
either anti-CD8 and anti-NK1.1 showed impaired anti-
tumor activity (figure  6B,C). This shows that not only 
NK cells but also CD8+T cell activities mediate antitumor 
activity against the 4MOSC1 mCHMP2A KO tumor cells. 
However, when CD4+T cells were depleted, there was no 

difference in tumor growth compared with untreated 
mCHMP2A KO (figure  6D), suggesting the effect of 
mCHMP2A activity such as cytokine and EV production18 
primarily inhibits cytotoxic lymphocytes. These results 
expand on the previous studies that demonstrate no 
reduction in growth of 4MOSC1 mCHMP2A KO tumors 
compared with WT tumors when injected into immuno-
deficient NSG mice (figure 3).

EVs secreted by the 4MOSC cells express NKG2D ligands
Previous studies reported that EVs secreted by tumor 
cells express NKG2D ligands which binds to the acti-
vating receptor NKG2D on NK cells.40 Accumulation 
of the EVs suppresses NK cell activity by binding to the 
NKG2D and TRAIL-R on NK cells causing fratricide or 
down modulating NKG2D.40 41 Besides inhibiting NK 
cell activity, tumor-derived EVs suppress T cell activation 
and proliferation while stimulating apoptosis, and the 

Figure 4  Infiltration of immune cells in 4MOSC tumor. C57BL/6 mice were implanted with 1×106 of (A–D) 4MOSC1 (n=5 mice 
for WT n=4 mice for mCHMP2A KO, one mouse injected with mCHMP2A KO failed to show tumor engraftment). (E–H) 4MOSC2 
WT or mCHMP2A KO cells into the tongue analyzed by flow cytometry of the tumors at day 11, showing the infiltration of (A, 
E) NK cells (B, F) CD4+ T cells (C, G) CD8+ T cells (D, H) CD11b+ MDSCs in tumors. KO, knock-out; MDSCs, myeloid-derived 
suppressor cells; NK, natural killer; WT, wild type.
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impact of tumor-derived EVs on T cells is influenced by 
the presence of FasL, TRAIL, membrane-bound TGFβ, 
CD73, or galectins on EVs.42 43 To investigate the role of 
EVs on NK and T cells, we collected EVs from WT and 
4MOSC mCHMP2A KO cells and analyzed expression of 
mouse NKG2D ligand mRae, mULBP, and mH60 by flow 
cytometry. EVs from both 4MOSC1 and 4MOSC2 WT and 
mCHMP2A KO tumors expressed mouse NKG2D ligands 
mRae, mULBP, and mH60 (figure  7A). Notably, there 
was no difference in the expression of the NK cell ligands 
between the WT and KO-tumor cells. This again demon-
strates that 4MOSC cells secrete EVs with the ability to 
inhibit both NK cell and T cell-mediated cytotoxicity 
through the expression of NKG2D ligands and immu-
nosuppressive molecules such as IL10 and TGF-β that 
have been demonstrated to be expressed in tumor EVs.44 
We have previously demonstrated that CHMP2A as part 
of the ESCRTIII regulates EV secretion and that KO of 
CHMP2A leads to production of fewer of these immune 
inhibitory EVs from human tumor cells.18 However, there 
was no difference in the number and size of collected EVs 
between WT and mCHMP2A KO (online supplemental 

figure 5A,B). This suggests that increase in antitumor 
activity in 4MOSC1 mCHMP2A KO cells is likely not 
due to decrease in the number of EVs but likely due to 
increased cytokine and chemokine expression. Other 
mechanisms such as impairment of perforin-mediated 
membrane holes may also play a role in increased killing 
of the 4MOSC1 mCHMP2A KO.29

DISCUSSION
Targeting solid tumors with cellular immunotherapies 
remains challenging.45–47 One key contributing factor 
to tumor resistance is the inhibitory activity in the solid 
TME.10 48–50 Our previous studies used a CRISPR/Cas9-
mediated two-cell type screen to identify CHMP2A as a 
potent negative regulator of NK cell-mediated antitumor 
activity in both glioblastomas and HNSCC tumor cells.18

While these previous studies demonstrated the ability 
of CHMP2A deletion to increase NK cell-mediated anti-
tumor activity in an NSG xenograft model, here we used a 
fully immune-competent mouse model to provide a more 
complete analysis of immune cell regulation by CHMP2A. 

Figure 5  Difference in immune cell infiltration between 4MOSC WT and KO tumors. (A) Representative immunofluorescent 
staining of histological tissue sections from B6 mouse tongues with 4MOSC1 WT, 4MOSC1 KO, 4MOSC2 WT, and 4MOSC2 
KO tumors on day 10 post injection. Images of stained tumors to show expression of CD3 (Red) NK1.1 (green) DAPI (blue). 
Immunostaining of CD3 and NK1.1 highlights an increase of CD45+CD3+ T cell and CD45+NK1.1+ NK cell recruitment 
in 4MOSC1 KO tumor compared with 4MOSC1 WT tumors. (B) Representative tumor tissue sections stained for CD3 by 
immunohistochemistry show increase in CD3+T cell infiltration in 4MOSC1 KO compared with 4MOSC1 WT but no significant 
difference in 4MOSC2 WT and 4MOSC2 KO tumors. (C) Immunohistochemistry staining for NK1.1 to show increase in NK cell 
infiltration in 4MOSC1 KO than in 4MOSC1 WT. No significant change in NK infiltration observed in 4MOSC2 WT and 4MOSC2 
KO tumors. KO, knock-out; NK, natural killer; WT, wild type.

https://dx.doi.org/10.1136/jitc-2023-007187
https://dx.doi.org/10.1136/jitc-2023-007187
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Our data indicate that mCHMP2A deletion in mouse 
HNSCC tumors increases infiltration of not only NK cells 
but also CD3+ T cells and NKT cells. Notably, we report 
a difference between 4MOSC1 and 4MOSC2 tumor cell 
lines. Although both lines were isolated from the same 
parental line, 4MOSC2 tumors exhibit a more aggressive 
phenotype, higher metastatic potential, and greater resis-
tance to anti-CTLA-4 and anti-PD-1 therapy compared 
with the 4MOSC1 tumors.36–38 Notably, the 4MOSC2 
tumors demonstrate increased MDSC infiltration, a 
process that is not different when comparing 4MOSC2 
CHMP2A KO versus WT cells (figure  5). Chemokine 
and cytokine analysis of these tumors demonstrated that 
the 4MOSC1 mCHMP2A KO tumors exhibited elevated 
levels of proinflammatory cytokines (eg, CXCL10 and 
CXCL12) compared with the 4MOSC1 WT tumors, 
likely resulting in increased immune infiltration (online 
supplemental figure 4, figure 4A–C and figure 5). This T 
cell and NK cell infiltration can mediate the antitumor 
immune response against the 4MOSC1 mCHMP2A KO 
tumors and lack of tumor progression in the immune 
competent mice (figure 2B). These results are also consis-
tent with our findings that depletion of either NK cells or 
CD8+cells leads to increased tumor growth of the 4MOSC1 
mCHMP2A KO tumors in the immune competent mice 

(figure 6). Notably, the 4MOSC2 mCHMP2A KO tumors 
do not have the same significant increase in proinflam-
matory cytokines and chemokines compared with the 
4MSOC2-WT tumors (online supplemental figure 4). 
This corresponds to the lack of increased T cell and NK 
cell infiltration in these tumors (figure 4F,G) and lack of 
tumor regression of the 4MOSC2 mCHMP2A KO tumors 
in the immune competent mice. Additional studies 
testing these mCHMP2A KO and WT tumors in immuno-
deficient NSG mice further demonstrate that mCHMP2A 
mediates immune resistance, as there is no difference in 
tumor growth in the immunodeficient mice (figure  3). 
Importantly, the deletion of mCHMP2A in 4MOSC1 cells 
led to intense immune infiltrates, whereas the 4MOSC2 
mCHMP2A KO tumors remained immunologically cold 
without an increase in infiltrating immune cells (figures 4 
and 5).

CHMP2A is part of the ESCRT-III complex that regu-
lates membrane remodeling including extracellular 
vesicle (EV) biogenesis, multivesicular formation, and 
membrane repair.21 29 There are several mechanisms by 
which CHMP2A loss may lead to more immune infiltration 
of tumors. Deletion of CHMP2A in tumor cells activates 
the NF-κB pathway, increasing the release of chemokines 
including CXCL10 and CXCL12, which stimulate the 

Figure 6  Depletion of immune cells reduces antitumor effect of mCHMP2A deletion on 4MOSC1 cells. (A) C57BL/6 mice were 
implanted with 1×106 of 4MOSC 1 mCHMP2A KO or 4MOSC1 WT cells into the tongue. Mice were treated with IP with 10 mg/
kg of (B) anti-CD8 (C) anti-NK1.1 or (D) anti-CD4 (n = 7 per group). Individual growth curve of the 4MOSC1 mCHMP2A tumor-
bearing mice are shown. KO, knock-out; NK, natural killer; WT, wild type.

https://dx.doi.org/10.1136/jitc-2023-007187
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migration of NK cells and T cells to tumor cells.18 51 52 
Additionally, EV secretion is regulated by the ESCRT-III 
complex and loss of CHMP2A leads to fewer immune 
inhibitory EVs secreted from tumor cells.18 Another 
possible mechanism is via the protection of tumor cells 
from perforin released by cytotoxic T cells and NK cells. 
Both cytotoxic T cells and NK cells release perforin to open 
a pore in target cells which allows the entrance of gran-
zymes, resulting in apoptosis of the target cell.21 29 53 Once 
the cell membrane lesion is created by perforin, ESCRT 
proteins gather to facilitate repair, thus allowing target 
cells to escape from T cell and NK cell-mediated cytotox-
icity.29 Supporting this idea, recent studies demonstrate 
that inhibition of the ESCRT pathway increased sensitivity 
to T cell-mediated and NK cell-mediated cytotoxicity.18 29 
Notably, CHMP2A KO in the 4MOSC1 and 4MOSC2 cells 
did not lead to quantitative changes in EV production as 

was seen in the human tumors.18 These results indicate 
that main mechanism of increased immune sensitivity of 
the 4MOSC1-KO cells is more likely due to the increased 
production of the proinflammatory cytokines that lead 
to recruitment of the NK cells and CD8+T cells. Again, 
impaired repair of perforin-mediated membrane holes 
may also play a role in increased killing of the 4MOSC1 
mCHMP2A KO.29

Together, these studies demonstrate the development 
of a drug or a small molecule to target CHMP2A or other 
ESCRT proteins can likely improve the efficacy of check-
point inhibitors and prevent resistance against T cell and 
NK cell-mediated immunotherapies.
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