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SUMMARY

Immunosurveillance is a critical mechanism guarding against tumor development and progression. Check-
point inhibitors have shown significant success in cancer treatment, but expression of key factors such as
PD-L1 in putative cancer stem cell (CSC) populations in squamous cell carcinoma has been inconclusive,
suggesting that CSCs may have developed other mechanisms to escape immune surveillance. Here we
show that CSCs upregulate the immune checkpoint molecule CD276 (B7-H3) to evade host immune re-
sponses. CD276 is highly expressed by CSCs in mouse and human head and neck squamous cell carcinoma
(HNSCC) and can be used to prospectively isolate tumorigenic CSCs. Anti-CD276 antibodies eliminate CSCs
in a CD8* T cell-dependent manner, inhibiting tumor growth and lymph node metastases in a mouse HNSCC
model. Single-cell RNA sequencing (RNA-seq) showed that CD276 blockade remodels SCC heterogeneity
and reduces epithelial-mesenchymal transition. These results show that CSCs utilize CD276 for immune

escape and suggest that targeting CD276 may reduce CSCs in HNSCC.

INTRODUCTION

Head and neck squamous cell carcinoma (HNSCC) is highly
invasive and frequently metastasizes to cervical lymph nodes
(Chen and Wang, 2019; Hedberg et al., 2016). Current treatment
modalities include surgical resection of the tumor alone or com-
bined with radiotherapy and/or chemotherapy (Sacco and Co-
hen, 2015). However, the prognosis for individuals with HNSCC
remains dismal because of rapid lymph node metastasis, local
recurrence, and a high incidence of therapeutic resistance (Hed-
berg et al., 2016; Wang et al., 2012). Therefore, there is an urgent
need to identify novel therapeutic targets and develop effective
treatment modalities for HNSCC. Accumulating evidence sug-
gests that cancer stem cells (CSCs) play a crucial role in tumor
initiation, growth, therapy resistance, and metastasis (Prager
etal., 2019; Saygin et al., 2019). Recently, we provided important
evidence of a hierarchical organization in HNSCC and demon-
strated, by means of in vivo lineage tracing, that BMI1* CSCs
have exclusive tumorigenic and metastatic potential and are
inherently resistant to chemotherapy (Chen et al., 2017). These
findings indicate that targeting CSCs is a promising strategy to
eradicate HNSCC.

A number of studies have focused on inhibition of regulatory
pathways that are critical for the self-renewal and tumorigenic
potential of CSCs. It is well known that tumor cells are potentially
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immunogenic and that the immune system plays a critical role in
surveillance of nascent cancerous cells developing into tumors.
Immune surveillance is also important for restraining tumor pro-
gression and metastasis (Sanmamed and Chen, 2018; Iglesias-
Bartolome and Gutkind, 2020). Because CSCs are the origin of
cancerous tissue, CSCs have to develop intrinsic mechanisms
to evade immune surveillance during tumor development. Inter-
estingly, HNSCC frequently metastasizes to cervical lymph no-
des, which are enriched with immune cells (Hedberg et al,
2016). Because disseminated CSCs mediate metastasis, CSCs
should be able to escape immune cell killing first and then prolif-
erate and differentiate in lymph nodes to form metastatic tumors.
However, little is known about how CSCs can survive under im-
mune surveillance during HNSCC initiation, progression, and
metastasis. Tumor cells expressing PD-L1 (B7-H1) have been
identified as an important mechanism for tumor cells to evade
immune challenge (Sanmamed and Chen, 2018). Recently, im-
mune checkpoint inhibitors targeting PD1/PD-L1 and CTLA4
have achieved good success in suppressing several solid tu-
mors, including melanoma, non-small cell lung cancer, and
HNSCC (Ferris et al., 2016; Harrington et al., 2017; Sanmamed
and Chen, 2018; Sharmaetal., 2017; Yang, 2015). However, little
is known about whether immunotherapy could target CSCs.
Studies of PD-L1 expression in CSCs have yielded contradictory
results. Some studies showed that PD-L1 expression was
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Figure 1. Expression of CD276 is increased in CSCs and associated with HNSCC development and metastasis
(A) Representative images of CD276 and Tomato* CSCs in primary HNSCC from 4NQO-treated Bmi®*";Rosa26'"°™ mice. ITF, invasive tumor front; TB,
tumor bulk; S, stroma; T, tumor. Scale bar, 10 um.
(B) Quantification of percentage of Tomato* CSCs in the TB and ITF. Values are mean + SD. **p < 0.01 by Student’s t test; n = 6.
(C) Quantification of the percentage of CD276" tumor cells in the TB and ITF. Values are mean + SD. ***p < 0.001 by Student’s t test; n = 6.

(legend continued on next page)
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increased in CSCs of HNSCC (Lee et al., 2016) and in breast and
colon cancers (Hsu et al., 2018; Wu et al., 2017), whereas other
studies indicated decreased levels of PD-L1 on CSCs (Prager
et al., 2019; Tamai et al., 2014). In our previous study, we noted
that there was no significant difference in PD-L1 (also known as
CD274) mRNA levels between BMI1* CSCs and BMI1~ non-
CSCsin murine HNSCC (Chen et al., 2017). Surprisingly, analysis
of The Cancer Genome Atlas (TCGA) datasets using a machine-
learning algorithm demonstrated that stemness signatures
correlated with lower PD-L1 expression in HNSCC and lung
squamous cell carcinoma (SCC) (Malta et al., 2018), suggesting
that CSCs might utilize other immune checkpoints to mediate
immune evasion during tumor development. These findings
further indicate that PD1/PD-L1 blockade might not effectively
target CSCs, indicating that CSCs might use other immune
checkpoints to fight against immunotherapy. Therefore, to
improve the efficacy of HNSCC immunotherapy, it is critical to
understand the immune mechanisms by which CSCs evade im-
mune surveillance during HNSCC initiation, progression, and
metastasis.

Here we identified that CD276, an immune checkpoint mole-
cule belonging to the B7 family (Leitner et al., 2009; Prasad
et al., 2004; Suh et al., 2003), was highly expressed in CSCs of
HNSCC and transcriptionally dependent on AP-1-associated su-
per-enhancers (SEs). High expression of CD276 helped CSCs
escape immune surveillance in HNSCC initiation, progression,
and metastasis. Blockage of CD276 with monoclonal antibodies
eliminated CSCs and inhibited tumor growth and metastasis by
enhancing CD8" T lymphocyte-mediated anti-tumor immunity.

RESULTS

CD276 is highly expressed in CSCs of HNSCC

Recently, we established a 4-nitroquinoline 1-oxide (4NQO)-
induced Bmi1°®EF:Rosa’®™ma mouse model of HNSCC that
fully simulates human HNSCC initiation, development, and
metastasis and allows in vivo lineage tracing and isolation of
BMI1* CSCs in an intact tumor immune microenvironment
(Chen et al., 2017). To explore whether anti-PD1 antibodies
could kill CSCs of HNSCC, we took advantage of this syngeneic
mouse model and treated Bmi1®®ER;Rosa!?’°™#° mice with
4NQO in their drinking water for 16 weeks and then provided

¢ CellP’ress

them with normal drinking water. At 22 weeks, tumor-bearing
mice were administered anti-PD1 antibodies or vehicle with iso-
type immunoglobulin G (IgG) three times a week for 4 weeks. A
single dose of tamoxifen was also administered 1 day prior to
sacrificing the mice to label BMI1* CSCs. Anti-PD1 antibodies
could not significantly inhibit HNSCC growth and lymph node
metastasis. In vivo lineage tracing demonstrated that anti-PD1
antibodies could not eliminate BMI1* CSCs in HNSCC, indi-
cating that BMI1* CSCs might be intrinsically resistant to anti-
PD1 immunotherapy (Jia et al., 2020). To explore whether other
immune checkpoints might mediate CSC immune evasion, we
analyzed RNA sequencing (RNA-seq) data generated from
BMI1* CSCs and BMI1~ non-CSCs isolated from murine HNSCC
and found that the mRNA levels of Cd276 and Cd80 were signif-
icantly higher in BMI1* CSCs than in BMI1~ non-CSCs (Fig-
ure S1A). Analysis of TCGA data showed that CD276 mRNA
expression was inversely correlated with mRNA expression of
CD8A, CD8B, GZMB, and IFNG, whereas CD80 expression
was positively correlated with expression of CD8A, CD8B,
GZMB, and IFNG in human HNSCC (Figure S1B), suggesting
that CD276 might function as an immune checkpoint to exclude
infiltration of immune cell in HNSCC. To confirm that CD276 was
highly expressed in CSCs, we immunostained CD276 in HNSCC
of Bmi1°tF;Rosa'™™ mice with anti-CD276 antibodies.
Although CD276 had a broader staining pattern, tomato-positive
BMI1* CSCs were strongly CD276 positive in HNSCC tissue.
BMI1* CSCs were mainly located near the interface of tumor
and stroma, and most of them were found in the invasive tumor
front (ITF) (Figures 1A and 1B; Figure S1C). Similarly, more
CD276" cancer cells resided in the ITF compared with cells
localized in the tumor bulk (TB) (Figure 1C). Importantly, the ma-
jority of BMI1* CSCs (more than 90%) strongly expressed
CD276 compared with BMI1™ non-CSCs (Figure 1D), suggesting
that CSCs of HNSCC are mostly confined to CD276" cancer
cells, although not all CD276" cells were BMI1* CSCs.

We found that CD276 was co-expressed with BMI1 in sphere-
derived cells of HNSCC (Figure 1E). Interestingly, strong expres-
sion of CD276 was detected at the peripheral of the tumor
spheres versus expression in the core of the spheres. Previously
we and others have used aldehyde dehydrogenase (ALDH) ac-
tivity to isolate CSCs from human HNSCC cell lines and primary
tumor tissues (Chen et al., 2017). Using an ALDEFLUOR Kkit,

(
(
(
(

represent mean = SD. ***p < 0.001 by Student’s t test; n = 3.

D) Quantification of the percentage of CD276" cells in Tomato™ CSCs and Tomato™ non-CSCs. Values are mean + SD. ***p < 0.001 by Student’s t test; n = 6.
E) Representative images of CD276 and BMI1 immunostaining in tumorspheres. Scale bars, 50 pm (top panels) and 100 um (bottom panels).

F) Representative fluorescence-activated cell sorting (FACS) plot of ALDHP"9" cancer cells isolated from HNSCC cell lines.

G) gRT-PCR showed that expression of CD276 was upregulated significantly upregulated in ALDH®"9" cancer cells compared with ALDHY™ cancer cells. Data

(H) Representative images of CD276 immunostaining in non-cancerous adjacent normal tongue epithelium (NAT), dysplasia, papilloma, SCC, and ITF from
4NQO-induced mouse HNSCC. Scale bars, 20 pm (top panels) and 10 um (bottom panels).
(I) Quantification of CD276 expression in NAT, dysplasia (Dys), papilloma (Pap), SCC, and ITF from 4NQO-induced mouse HNSCC. **p < 0.01, ***p < 0.001 by one-

way ANOVA; n = 6-7.

(J) Representative images of CD276 expression in human NAT, HNSCC without cervical lymph node metastasis (HNSCC N~), HNSCC with cervical lymph node
metastasis (HNSCC N*), and lymph node metastatic (LNM) HNSCC. Scale bar, 100 um.

K) Quantification of CD276 expression in NAT and HNSCC from affected individuals. **p < 0.01 by Student’s t test.

L) Quantification of CD276 expression in N~ and N* HNSCC. ***p < 0.001 by Student’s t test.

N) Representative image of CD276 expression in TB and ITF of HNSCC. Scale bar, 100 pm.

(
(
(M) Quantification of CD276 expression in primary HNSCC (primary) and LNM HNSCC. **p < 0.01 by Student’s t test.
(
(

0O) Quantification of CD276 expression in TB and ITF of HNSCC. ***p < 0.001 by Student’s t test.

See also Figure S1.
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ALDHP"9" GSC-like cells and ALDH®™ non-CSC-like cells were
sorted from HNSCC cells lines, and we found that the CD276
mRNA expression levels were significantly higher in ALDH®" "
cells than in ALDHY™ cells (Figures 1F and 1G).

4NQO-induced mouse HNSCC mimics human HNSCC and
progresses gradually from dysplasia and papilloma (carcinoma
in situ) to SCC, in which BMI1* CSCs were identified at the initial
stage of HNSCC. Next we evaluated expression of CD276 and
investigated its correlation with HNSCC initiation, progression,
and metastasis. Immunostaining revealed that CD276 expres-
sion could be readily detected in papilloma and increased signif-
icantly during mouse HNSCC development and progression
(Figures 1H and 1l). In human HNSCC, CD276 expression was
increased dramatically in HNSCC compared with adjacent
non-cancerous epithelium (Figures 1J and 1K). Compared with
human primary HNSCC without lymph node metastasis,
CD276 expression was increased significantly in those with
lymph node metastasis (Figure 1L). Moreover, cancer cells
disseminated to cervical lymph nodes had higher expression
levels of CD276 than those localized in primary sites (Figure 1M).
Within the same tumor, expression of CD276 was also increased
significantly in the ITF compared with TB (Figures 1N and 10).
These findings pointed toward a correlation of CD276 expres-
sion and the aggressiveness of the tumor. Very interestingly,
CD276, in addition to ITF, was uniquely expressed at the periph-
ery of the tumor nest in mouse and human HNSCCs, indicating
that CD276 might serve as a physical shield against immune
cell infiltration.

We sorted CD276™9" cancer cells from HNSCC patient-
derived xenografts (PDXs) using EpCAM*CD276™9" markers
(Figure 2A) and determined their self-renewal capacity via tumor-
sphere formation assays. EpCAM*CD276"9" cancer cells freshly
isolated from two human HNSCC PDXs formed significantly
more abundant and larger spheres compared with EpCAM*CD
276" cancer cells, suggesting that CD276 is an enrichment
marker for CSCs of HNSCC (Figures 2B-2D). To reinforce the
correlation between CD276 expression and CSCs of HNSCC,
we performed in vivo limiting dilution tumorigenicity assays.
The EpCAM*CD276™9" fraction contained more tumorigenic
cells than the EpCAM*CD276"" fraction (Figure 2E). To validate
these findings in murine HNSCC, murine HNSCC tissues were
transplanted into NOD.Cg-Prkdcse@li2rg'™"S49/JicTac (NOG)

¢ CellP’ress

mice, and cancer cells expressing high and low CD276 were iso-
lated from murine HNSCC xenografts. EpCAM*CD276™9" can-
cer cells were enriched for CSCs and demonstrated higher
tumorigenicity than EpCAM*CD276"°" cancer cells in murine
HNSCC (Figures 2F-2H). The organoid formation assay also
demonstrated that EpCAM*CD276"9" tumor cells isolated
from primary HNSCC formed significantly larger organoids
than EpCAM*CD276'°" tumor cells (Figure S1D). To further char-
acterize EpCAM*CD276™9" CSCs, we compared the gene
expression profiles of EpCAM*CD276"" and EpCAM*CD276'°"
cancer cells by RNA-seq. We found that 842 genes were upregu-
lated and 1,081 genes were downregulated in EpCAM*"
CD276"9" cells by more than 2-fold compared with EpCAM*
CD276"" cells. Genes upregulated in EpCAM*CD276™9" cells
were associated with known CSC signatures (BMI1, ABCG2,
GATA4, SOX21, LHX5, FGFR1, RASD1, and ITGA6) and epithe-
lial-mesenchymal transition (EMT) (CDHZ2, FAP, MMP9, MMP10,
MMP1, SNAI2, and LAMAS). In contrast, genes associated with
keratinocyte differentiation were downregulated in EpCAM*"
CD276"9" cells (Figure 2l). Importantly, gene set enrichment
analysis (GSEA) also revealed that stemness gene signatures
and EMT signatures were enriched significantly in EpCAM*"
CD276"9" cells (Figures 2J and 2K). GSEA of HNSCC in TCGA
datasets also showed similar findings (Figures 2L and 2M).

Control of CD276 transcription by FOSL1-

associated SEs

We further investigated the molecular mechanisms governing
CD276 expression in HNSCC. Based on our MED1 and BRD4
ChlP-seq results in human SCC cells for a different study, we un-
expectedly discovered that SEs were associated with CD276.
MED1 and BRD4 occupancy on SEs in CD276 was disrupted
by the well-known BET inhibitor JQ1 (Hnisz et al., 2013; Sen-
gupta and George, 2017; Vaharautio and Taipale, 2014; Fig-
ure 3A). Consistently, JQ1 treatment significantly inhibited
expression of CD276 at the mRNA and protein levels. |-BET-
151, another BET inhibitor used in clinical trials (Sengupta and
George, 2017; Vaharautio and Taipale, 2014), also potently in-
hibited expression of CD276 (Figures 3B and 3C). Moreover,
JQ1 treatment also inhibited HNSCC tumor growth and CD276
expression in vivo (Figures STE-S1l). To locate the upstream fac-
tors that are responsible for upregulation of CD276 through

Figure 2. CD276 is an enrichment surface marker for CSCs of HNSCC

(A) Sorting strategy for CD276"9" and CD276'" tumor cells.

(B) Representative image of tumorspheres derived from CD276M%" and CD276'°" tumor cells from HNSCC PDXs. PS2, patient sample 2; PS6, patient sample 6.

Scale bars, 50 uM (top panels) and 100 um (bottom panels).

(C) Quantification of the number of tumorspheres from CD276M9" and CD276'°* tumor cells from HNSCC PDXs. **p < 0.01, ***p < 0.001 by Student’s t test.
(D) Quantification of the diameter of tumorspheres from CD276"9" and CD276"* tumor cells from HNSCC PDXs. **p < 0.05 by Student’s t test.
(E) In vivo limiting dilution analysis of CD276"9" and CD276°" tumor cells from HNSCC PDXs. The frequency of allograft formation at each injected cell dose is

shown. The data were analyzed using ELDA software.

(F) Representative image of tumorspheres from CD276M"9" and CD276'°" tumor cells isolated from murine HNSCC. Scale bar, 50 um.
(G) Quantification of the number and diameter of tumor spheres from mouse CD276"9" and CD276'" tumor cells. ***p < 0.001 and **p < 0.01 by Student’s t test.
(H) In vivo limiting dilution analysis of murine CD276"9" and CD276'°" tumor cells. The frequency of allograft formation at each injected cell dose is shown. The

data were analyzed using ELDA software.

() Heatmap showing the gene expression profiles of EpCAM*CD276™9" and EpCAM*CD276'°" tumor cells by RNA-seq.

(J) GSEA showed that the stemness gene signature was enriched significantly in EpCAM*CD276™9" cells.

(K) GSEA showed that the EMT signature was enriched significantly in EpCAM*CD276"9" cells.

(L) GSEA showed that the stemness gene signature was enriched significantly in human HNSCC with high expression of CD276 from TCGA datasets.
(M) GSEA showed that the EMT signature was enriched significantly in human HNSCC with high expression of CD276 from TCGA datasets.
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Figure 3. FOSL1-assoicated SEs control CD276 transcription in HNSCC

(A) MED1 and BRD4 enrichment shows that SEs are associated with CD276 in HNSCC. An arrow indicates the AP-1 binding site within SEs.
(B) Disrupting SEs with JQ1 and iBET-151 reduces CD276 mRNA expression in HNSCC cells. ***p < 0.001 by one-way ANOVA.

(C) Disrupting SEs with JQ1 and iBET-151 reduces CD276 expression in HNSCC cells.

(legend continued on next page)
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binding and activation of the distal cis-regulatory regions, we
focused on potential transcription factors that might bind to
the SE region. Interestingly, the AP-1 binding site was observed
within the SE region, upstream of the CD276 gene (Figure 3A).
Coincidentally, we identified that FOSL1, a key component of
AP-1, was increased in CSCs of HNSCC and controlled CSC
self-renewal and invasive growth (Chen et al., 2017). Therefore,
we examined whether AP-1/FOSL1 promoted CD276 expres-
sion mediated by SEs. Knockdown of FOSL1 significantly in-
hibited expression of CD276 mRNA and protein in HNSCC cells
(Figures 3D-3F). Moreover, ChlP-gPCR results demonstrated
that knockdown of FOSL1 significantly reduced enrichment of
FOSL1, MED1, and BRD4 on SEs (Figures 3G-3l). Although
CD276 functions as an immune checkpoint, CD276 has also
been found to activate intracellular signaling pathways to pro-
mote tumorigenesis (Lemke et al., 2012). We screened several
oncogenic signaling pathways and found that overexpression
of CD276 potently induced expression of FOSL1 and c-Jun in
SCC1 and SCC23 cells (Figure 3J), indicating that CD276 could
also activate AP-1. In contrast, knockdown of CD276 in HN6
cells by two different shRNAs for CD276, which have constitutive
CD276 expression, inhibited expression of FOSL1 and c-Jun
(Figure 3K). Matrigel invasion assays revealed that the knock-
down of CD276 significantly inhibited SCC invasion in vitro (Fig-
ures 3L and 3M). We also injected CD276 knockdown HNG6 cells
and control cells into mouse tongues and found that knockdown
of CD276 also attenuated HNSCC tumor growth (Figure 3N). Im-
munostaining with anti-human pan-cytokeratin (PCK) revealed
that knockdown of CD276 also partially reduced lymph node
metastasis (Figure 30).

Elimination of CSCs and inhibition of cancer progression
by CD276 blockade

Because CD276 is an immune checkpoint enriched in CSCs, we
tested whether blockade of CD276 with anti-CD276 antibodies
could inhibit HNSCC growth and metastasis using our syngeneic
Bmi1€FR:Rosa™@™*™ma° mouse model of HNSCC. HNSCC was
induced as described before (Chen et al., 2017). At 22 weeks, tu-
mor-bearing mice were administered anti-CD276 antibodies or
vehicle control with isotype IgG three times a week for 4 weeks
(Figure 4A). A single dose of tamoxifen was administered 1 day
prior to sacrificing the mice to label CSCs. Mice developed
visible lesions on the tongue upon 4NQO induction (Figure 4B).
A significant decrease was detected in overall lesion numbers
and lesion areas in mice treated with anti-CD276 antibodies
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compared with the isotype IgG (Figures 4C and 4D). Another
advantage of our HNSCC mouse model is that tumor initiation
can be distinguished from dysplasia at new areas although
HNSCC is already established in some locations, allowing us
to monitor immune surveillance during tumor initiation. Histolog-
ically, dysplasia and SCC numbers were also decreased signifi-
cantly after administration of anti-CD276 antibodies in mice
bearing HNSCC (Figures 4E-4G). Moreover, mice rarely devel-
oped highly invasive carcinomas when treated with CD276 anti-
body, and the invasive grade (Figure 4H) and invasive depth
(Figure 41) were decreased significantly. Importantly, a significant
reduction of BMI1* CSCs was detected in the primary HNSCC of
Bmi1°FR:Rosa’@"°™ma° mice that were treated with anti-CD276
antibodies (Figure 4J). BMI1* CSCs were active caspase-3-pos-
itive after CD276 blockade, indicating that apoptosis was
induced in BMI1* CSCs of HNSCC (Figure 4K).

To further investigate the role of CD276 blockade on metas-
tasis, cervical lymph nodes were dissected carefully under a
microscope. To precisely compare lymph node metastasis, cer-
vical lymph nodes were immunostained with anti-PCK, which
specifically detects metastatic tumor cells in lymph nodes
(Chen et al., 2017). We found that the total numbers of lymph no-
des with metastasis and the metastatic rate per mouse were
reduced significantly following anti-CD276 antibody treatment
(Figures 4L-4N). Importantly, BMI1* CSCs residing in cervical
lymph nodes were eliminated by anti-CD276 antibodies (Fig-
ure 40). As expected, in vivo lineage tracing for another month
revealed that CD276 blockade potently inhibited BMI1* CSC-
derived tumor cell growth (Figures 4P and 4Q).

Landscape alterations of HNSCC upon anti-CD276
antibody treatment

To provide a more comprehensive and unbiased assessment of
tumor responses upon anti-CD276 antibody treatment, we per-
formed single-cell RNA-seq (scRNA-seq) analysis of HNSCC
cells from 4NQO-induced mice treated with anti-CD276 anti-
bodies for 4 weeks. Because tumors were reduced significantly
after anti-CD276 antibody treatment, we pooled tumors from 3
mice for the anti-CD276 antibody-treated group. We obtained
single-cell transcriptomes for 11,658 cells and then identified
and visualized transcriptional homogeneous clusters of cells us-
ing graph-based clustering and dimensionality reduction with
uniform manifold approximation and projection (UMAP) (Fig-
ure S2A). Clusters were further annotated by comparing their
transcriptional state using the Single R package and evaluation

D) gRT-PCR showing knockdown of FOSL1 by small interfering RNA (siRNA) in HNSCC cells. ***p < 0.001 by one-way ANOVA.
E) Knockdown of FOSL1 inhibited CD276 mRNA expression in HNSCC cells. **p < 0.001 by one-way ANOVA.
F) Knockdown of FOSL1 inhibited CD276 expression in HNSCC cells, as seen by western blot.

H) Knockdown of FOSL1 reduced MED1 occupancy on SEs in CD276. ***p < 0.001 by Student’s t test.
1) Knockdown of FOSL1 reduced BRD4 occupancy on SEs in CD276. **p < 0.01 by Student’s t test.

(
(
(
(G) Knockdown of FOSL1 reduced FOSL1 occupancy on SEs in CD276. **p < 0.01 by Student’s t test.
(
(
(

J) Overexpression of CD276 induced expression of c-Jun and FOSL1 in SCC1 and SCC23 cells.

(
(
bar, 200 um

K) Knockdown of CD276 inhibited expression of c-Jun and FOSL1 in HNG6 cells. Scr, scramble shRNA; C1, CD276 shRNA vector 1; C2, CD276 shRNA vector 2.
L and M) Representative image and quantification of invasive HN6 and SCC1 cells transduced with Scr., C1, and C2. ***p < 0.001 by one-way ANOVA. Scale

(N) Knockdown of CD276 in HN6 cells inhibited tumor growth in nude mice. C2, HN6 cells transduced with CD276 shRNA2; Scr, HN6 cells transduced with

scramble shRNA. *p < 0.05 by Student’s t test, n = 8. Scale bar, 5 mm.

(O) Knockdown of CD276 in HN6 cells inhibited lymph node metastasis. The percentages of lymph nodes with metastatic tumor cells were analyzed by Fisher’s
exact test. ***p < 0.001. Met ™, without lymph node metastasis; Met*, with lymph node metastasis. Scale bar, 200 um.
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Figure 4. CD276 blockade suppresses HNSCC growth and eliminates CSCs in HNSCC
(A) Experimental design for the anti-CD276 antibody treatment and lineage tracing of CSCs of HNSCC in Bmi1°®ff;Rosa'@™™a mice.

(B) Representative image of a tongue lesion at 26 weeks in 4NQO-induced Bmi®°t; Rosa

IgG (vehicle). Scale bar, 3 mm.
(C) Quantification of lesion numbers visible in mouse tongues. Values are mean + SD from a pool of two independent experiments. n = 8, **p < 0.01 by Student’s
t test.
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of known cell-type-specific markers (Figures S2B-S2l). We iden-
tified cancer cells expressing the epithelial cell adhesion mole-
cule (Epcam); a lymphoid population expressing Cd3d, Cd8a,
Foxp3, and Cd4; stromal cells expressing Col1a1; endothelial
cells expressing Vwf; and a myeloid population express-
ing ltgam.

To clarify the overall landscape of cancer cell populations
associated with anti-CD276 antibody treatment, we character-
ized the alterations of the subpopulations of cancer cells by
separating cancer cells (6,274 total cells, 4,665 cells from the
vehicle group, and 1,609 cells from the anti-CD276 antibody
group), vielding 6 distinct cancer cell subpopulations defined
by the transcriptional state of cells and known marker genes,
representing high plasticity and complexity (Figures 5A-5I; Fig-
ures S2J-S2P). Notably, cluster 0 (c0) was enriched with genes
associated with partial EMT (pEMT) or tumor-specific keratino-
cytes (Lamc2, Lama3, Lamb3, Itga6, and ltgb1), representing
the most invasive subpopulation of HNSCC cells with high met-
astatic potential located at the leading edge/ITF (Figures 5C and
5D; Figure S2K; Ji et al., 2020; Puram et al., 2017). Cells in c1
mainly consisted of immediate-early genes implicated in stress
response (Atf3, Erg1, and Dusp6) (Figures 5C and 5E; Fig-
ure S2L), and those in c2 consisted primary of epithelial genes,
including Krt6éb, Krt13, Krt16, Sprri1b, Sprr2a3, and Sprria, rep-
resenting cancer cells with typical epithelial differentiation at the
core of tumors (Figures 5C and 5F; Figure S2M; Puram et al.,
2017). ¢3 was characterized by high proliferative activity and re-
flected highly cycling cells that expressed Mki67, Cdk1, Hmgb2,
Birc5 (Figures 5C and 5G; Figure S2N; Puram et al., 2017). c4
consisted of genes associated with detoxification and drug
metabolism (Adh7, Aldh3a1, Gstm1, and Gstal; Figures 5C
and 5H; Figure S20; Puram et al., 2017). All of these clusters
of cancer cells were also identified in human primary HNSCC
at single-cell resolution (Puram et al., 2017). Interestingly, we
also identified c5, consisting of a small population of cancer cells
expressing major histocompatibility complex (MHC) class Il mol-
ecules (H2-Aa, H2-Ab1, H2-Eb1, and Cd74; Figures 5C and 5I;
Figure S2P) that was also identified in nasopharyngeal carci-
noma as being immunosuppressive with high tumorigenic capa-
bility (Jin et al., 2020).

The percentage of pETM cancer cells (c0) decreased signifi-
cantly upon anti-CD276 antibody treatment in comparison with
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HNSCC treated with vehicle (Figures 5B, 5J, and 5K). These find-
ings support the notion that targeting CD276 inhibits lymph node
metastasis of HNSCC in our in vivo studies. In response to anti-
CD276 antibody treatment, the proportions of highly proliferative
(c3) and MHC class II" HNSCC cells (c5) were also significantly
reduced compared with control mice, implying a major effect
on proliferation and activation of the immune environment.
Anti-CD276 antibody treatment led to an increase in the fre-
quency of c1 and c4, which might indicate a cellular response
to stress from the anti-tumor microenvironment and feedback
to detoxification. In comparison with vehicle, the proportion of
cells in c2 (typical epithelial) was increased upon anti-CD276
antibody treatment, suggesting that the EMT program was
blocked by anti-CD276 antibody treatment. These findings
reveal that residual tumors are less aggressive and characterized
by low pEMT and cycling cells after anti-CD276 antibody treat-
ment. In line with our lineage tracing data, Bmi1* and Cd276*
cancer cells were decreased significantly in mice treated with
anti-CD276 antibodies (Figures 5L and 5M).

Modulating the HNSCC immune microenvironment by
CD276 blockade

To explore the role of immune cells in CD276 blockade-mediated
tumor inhibition, NOG mice, without lymphocytes and natural
killer (NK) cells, were inoculated with freshly isolated murine
HNSCC cells and treated with anti-CD276 antibodies and
vehicle with isotype IgG. CD276 blockade did not show any tu-
mor-suppressive effects in NOG mice bearing murine HNSCC
tumors (Figures 6A and 6B), indicating that the anti-tumor effect
of CD276 blockade is dependent on immune cells. To confirm
these observations in vitro, HNSCC cells were treated with
anti-CD276 antibodies, and we found that this did not affect
sphere formation and cell invasion (Figures 6C and 6D). Western
blot analysis found that anti-CD276 neutralizing antibodies were
unable to inhibit intracellular AP-1 activation in SCC cells (Fig-
ure S3A). Similarly, anti-CD276 antibodies did not affect primary
human HNSCC organoid formation (Figure 6E). Immunostaining
showed that anti-CD276 neutralizing antibodies did not appear
to inhibit expression of c-Jun and FOSL1 in HNSCC organoids
(Figure S3B). These results suggest that, although knockdown
of CD276 might have affected tumor growth in nude mice
because AP-1 activation mediated by intracellular signaling of

(D) Quantification of lesion areas visible in mouse tongues. Values are mean + SD from a pool of two independent experiments. n = 8, *p < 0.05 by Student’s t test.
(E) H&E staining of HNSCC in 4NQO-induced Bmi1°E;Rosa'?™™a mice treated with anti-CD276 antibodies and vehicle with isotype IgG. Scale bar, 200 pm.
(F) Quantification of microscopic Dys numbers in mouse tongues. Values are mean + SD from a pool of two independent experiments (n = 8). *p < 0.05 by
Student’s t test.

(G) Quantification of microscopic SCC numbers in mouse tongues. Values are mean + SD from a pool of two independent experiments (n = 8). *p < 0.05 by
Student’s t test.

(H) Quantification of HNSCC invasion grades. n = 8, *p < 0.05 by Cochran-Armitage test.

(I) Quantification of HNSCC invasion depths. n = 8, **p < 0.01 by Student’s t test.

(J) Representative image and quantification of PCK*Tomato* CSCs in primary HNSCC from mice treated with anti-CD276 antibodies or vehicle control with
isotype 1gG (n = 8). Values are mean + SD from a pool of two independent experiments (n = 8). **p < 0.001 by Student’s t test. Scale bar, 20 um.

(K) Immunostaining of active caspase-3 (ac-Casp-3) in Tomato* CSCs. Scale bar, 20 um.

(L) Representative image of PCK* cancer cells and PCK*Tomato* CSCs in cervical lymph nodes from mice treated with anti-CD276 antibodies. Scale bar, 20 um.
(M) Number of cervical lymph nodes with metastasis upon anti-CD276 antibody treatment. ***p < 0.001 by Fisher’s chi-square test.

(N) Percentage of lymph node metastases in mice upon anti-CD276 antibody treatment. ***p < 0.001 by Student’s t test.

(O) Quantification of PCK*Tomato* CSCs in cervical lymph nodes from mice treated with anti-CD276 antibodies. ***p < 0.001 by Student’s t test.

( 1CreER; Rosathomato mice.
( mice upon anti-CD276 antibody treatment. Scale bar, 20 um.

P) Experimental design used to trace Bmi1*-derived tumor tissues in Bmi
Q) PCK immunostaining and Bmi1*-derived tumor tissues in Bmic"®ER; Rosa'@Temate
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Figure 5. scRNA-seq analysis identifies landscape alterations of murine HNSCC upon anti-CD276 antibody treatment
(A) UMAP plot showing identified cancer cell populations from two merged groups that were treated with control IgG and anti-CD276 antibodies for 4 weeks.
(B) UMAP plot showing distribution of annotated clusters within cancer cells upon control IgG or anti-CD276 antibody treatment for 4 weeks.
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CD276 was inhibited, our anti-CD276 antibodies were unable to
inhibit intracellular AP-1 activation. Furthermore, the co-culture
assays demonstrated that anti-CD276 antibody treatment signif-
icantly enhanced HNSCC cell apoptosis mediated by activated
primary T lymphocytes, as determined by immunostaining of
active caspase-3* cancer cells (Figure 6F).

We further examined how anti-CD276 antibodies eliminated
CSCs and inhibited HNSCC growth and metastasis in a synge-
neic mouse model of HNSCC. Immunohistological examination
of HNSCC revealed that anti-CD276 antibodies significantly
increased the number of apoptotic cells (Figure S3C) and Gran-
zyme B* (GZMB™) cells (Figure S3D) compared with isotype IgG.
Because GZMB, largely produced by CD8* T and NK cells, in-
duces tumor cell apoptosis (Lee et al., 2017; Yonesaka et al.,
2018), we next investigated whether CD8* T and NK cells were
involved in CD276 blockade-mediated tumor inhibition. Minimal
CD8"* T cells and NKp46* NK cells were present in tumors
treated with isotype IgG. In contrast, CD276 blockade strikingly
increased infiltration of CD8* T cells (Figure S3E). Although
NKp46* NK cells in tumor tissues were also found to be
increased modestly increased (Figure S3F), myeloid-derived
suppressor cells (MDSCs) in tumor tissue were not changed after
anti-CD276 antibody treatment (Figure S3G).

Recently, it has been shown that intratumoral immune cells
undertake remodeling with high complexity, diversity, and het-
erogeneity during immune checkpoint therapy (Gubin et al.,
2018; Wei et al., 2017; Zhang et al., 2020). To better understand
overall immune landscape remodeling upon anti-CD276 anti-
body treatment, we further characterized the early alterations
of the subpopulation of tumor-infiltrated immune cells in HNSCC
treated with anti-CD276 antibodies by flow cytometry. Because
mouse tumors were small and reduced drastically after anti-
CD276 antibody treatment, it was difficult to isolate immune cells
from tumor tissue at the 4-week endpoint of our experiments.
Therefore, immune cells were isolated from mouse tumors
10 days after anti-CD276 antibody treatment. Flow cytometry
analysis revealed that the frequencies of intratumoral CD8"*
and CD4" T lymphocytes and macrophages were increased
significantly upon anti-CD276 antibody treatment, indicating
that anti-CD276 antibody treatment provokes antitumor immu-
nity (Figures 6G-6l). Compared with immunostaining at the
endpoint, the percentage of intratumoral NK cells was not
increased significantly, most likely because of the short treat-
ment regimens (Figure 6J). MDSCs were not changed signifi-
cantly upon anti-CD276 antibody treatment (Figure 6K). We
also examined whether anti-CD276 antibody blockade
enhanced antitumor immunity in cervical lymph nodes by using
a flow cytometer. Cells were harvested from cervical lymph no-
des of HNSCC mice treated with anti-CD276 antibodies. Flow
cytometry analysis showed that the frequency of CD8" T cells
in lymph nodes was increased significantly after anti-CD276
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antibody treatment (Figure 6L). The percentages of CD4*
T cells, macrophages, and NK1.1* cells were increased, but
the changes were not statistically significant (Figures 6M-60).
There was no change in MDSCs (Figure 6P).

Impeding CD276 blockade-mediated CSC elimination by
depleting CD8* T cells

To determine the extent to which CD276 blockade promoted an
antitumor reaction dependent on CD8" T cells, CD8" T cells were
depleted using anti-CD8a antibodies (Lee et al., 2017; Figure 7A).
Depletion of CD8* T cells significantly diminished inhibition of tu-
mor growth mediated by CD276 blockade, based on analysis of
overall lesion numbers and areas (Figures 7B-7D). Histological
analysis revealed that depletion of CD8* T cells significantly
reversed anti-CD276 antibody-mediated inhibited invasive
growth (Figures 7E and 7F). Importantly, in vivo lineage tracing
revealed that elimination of BMI1* CSCs induced by CD276
blockade was impaired after depletion of CD8" T in primary
HNSCC (Figures 7G and 7H). Similarly, inhibition of cervical
lymph node metastasis was also significantly impeded in mice
by depletion of CD8" T cells (Figures 71 and 7J). Elimination of
BMI1* CSCs in cervical lymph nodes was also prevented signif-
icantly by depletion of CD8" T cells (Figures 71 and 7K). As ex-
pected, infiltration of CD8" T cells was increased in response
to anti-CD276 antibody treatment but deleted upon anti-CD8a.
treatment (Figure 7L). To explore the functional role of NK cells
in CD276-mediated anti-tumor immunity in HNSCC, depletion
of the single NK cells was also performed. Depletion of single
NK cells slightly affected tumor size and invasive depth but did
not significantly impair anti-CD276 antibody-mediated tumor in-
hibition (Figures S4A-S4D). Double depletion of CD8" T and NK
cells had similar effects as single deletion of CD8™ T cells.

CD276 expression is inversely correlated with infiltrated
CD8* T lymphocytes

We examined CD276 expression in a TCGA cohort of individuals
with HNSCC and found that CD276 expression was increased in
HNSCC compared with normal tissue (Figure S5A). Importantly,
individuals with HNSCC with high expression of CD276 had a
poor prognosis compared with individuals with HNSCC with
low expression of CD276 (Figure S5B). However, in contrast,
there was no association between CD274 (also known as PD-
L1) expression and survival of individuals with HNSCC survival
in the TCGA database (Figure S5C). Because FOSL1 and
CD276 formed a positive regulatory loop, we analyzed their
expression in a TCGA cohort of individuals with HNSCC cohort
and found a positive correlation between FOSL7 and CD276
(Figure S5D). Furthermore, immunostaining confirmed that
CD276 protein expression levels were positively correlated
with FOSL1 expression levels in human HNSCC samples (Fig-
ure S5E). Finally, we examined the relationship between

(C) Heatmap displaying expression of selected marker genes in each cluster.
(D-1) UMAP plot of tumor cells, displaying selected marker gene expression.
(

J) Percentages of different cancer cell populations annotated in response to anti-CD276 antibody treatment.

K) Distribution fraction of different cancer cell populations annotated in response to anti-CD276 antibody treatment.

(

(L) UMAP plot of Bmi1* cancer cells upon anti-CD276 antibody treatment.
(M) UMAP plot of Cd276* cancer cells upon anti-CD276 antibody treatment.
See also Figure S2.
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Figure 6. CD276 blockade modulates the tumor immune microenvironment of HNSCC
(A) Tumor volume in NOG mice bearing murine HNSCC treated with anti-CD276 antibodies. Values are mean + SEM. n = 8, two-way ANOVA; n.s., non-significant.
(B) Tumor weight in NOG mice bearing murine HNSCC treated with anti-CD276 antibodies. Values are mean + SD. n = 8, Student’s t test.
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CD276 expression and CD8* T cells in HNSCC. Immunostaining
confirmed that CD276 expression was inversely correlated with
infiltration of CD8* T cells in human HNSCC samples from 2 in-
dependent cohorts (Figures S6A-S6C). Analysis of the TCGA
HNSCC cohort by 6 different algorithms revealed that expres-
sion of CD276 was inversely correlated with the infiltration level
of CD8" T cells (Figure S6D).

DISCUSSION

Immunotherapy has emerged as a new type of clinical treatment
for cancer. However, the relevance of immune checkpoints and
their potential therapeutic role in targeting CSCs is not well stud-
ied (Miao et al., 2019). Moreover, how CSCs escape immune sur-
veillance during HNSCC initiation, development, and metastasis
is not well characterized. In this study, using a syngeneic mouse
model of HNSCC combined with in vivo lineage tracing of CSCs,
we demonstrated that CD276 as an immune checkpoint was
highly expressed in CSCs. Our results indicate that CSCs utilized
CD276 to overcome anti-tumor immunity during HNSCC initia-
tion, development, and metastasis. CD276 blockade potently
eliminated CSCs and inhibited HNSCC metastasis by enhancing
CD8* T cell-mediated antitumor immunity, highlighting CD276 as
a unique therapeutic target for HNSCC immunotherapy.
Immune surveillance is critical for preventing tumor develop-
ment and progression. Because tumors are derived from
CSCs, CSCs must develop important strategies to evade im-
mune surveillance to effectively initiate tumor growth (Miao
et al., 2019). Moreover, HNSCC tumor cells, most likely CSCs,
frequently metastasize to survive in cervical lymph nodes, which
are enriched with immune cells. It has been reported that trans-
forming growth factor B-responding CSCs selectively acquired
expression of CD80, an immune cell surface ligand, to interact
with T lymphocytes (Miao et al., 2019). CD80-expressing CSCs
directly inhibited cytotoxic T cell activity and mediated tumor
resistance to adoptive cytotoxic T cell transfer (ACT)-based
immunotherapy (Miao et al., 2019). Interestingly, we also identi-
fied that CD80 was highly expressed in BMI1* CSCs, based on
our RNA-seq results. In the future, it will be important to deter-
mine whether BMI1* CSCs are resistant to ACT-based immuno-
therapy. CD276 blockade reduced the incidence of dysplasia
and tumors, and our results suggest that CSCs utilized CD276
to evade immune surveillance during HNSCC initiation. Notably,
CD276" cancer cells were mainly located at the ITF and periph-
ery of tumor nests, which has also been observed previously
(Mao et al., 2017), indicating that CD276 might function as a
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shield to protect CD276" cells and inner tumor cells (CD2
76~ cells) against killing by CD8* T cells during HNSCC develop-
ment. Moreover, because CD276 blockade potently inhibited
lymph node metastasis in mice with established tumors, these
findings suggest that CD276 also promotes CSC immune
evasion during metastasis.

Emerging evidence indicates that HNSCC is characterized by
high heterogeneity and plasticity (Cillo et al., 2020; Puram et al.,
2017). Our scRNA-seq analysis confirms that murine HNSCC
mimics human HNSCC with a similar subpopulation of cancer
cells, including subsets characterized by pEMT, stress, typical
epithelium, proliferation, metabolism, and immune features (Jin
et al., 2020; Puram et al., 2017). EMT/pEMT is associated with
tumor metastasis and generation of CSCs (Mani et al., 2008;
Puram et al., 2017). Importantly, the landscape of HNSCC was
remodeled in response to CD276 blockade; the subsets charac-
terized by pEMT, proliferation, and immunosuppressive features
were decreased significantly. In line with our in vivo lineage
tracing data, lymph node metastasis and BMI1* CSCs were
reduced significantly following anti-CD276 antibody treatment.
These findings strongly support that targeting CD276 eliminates
CSCs and inhibits metastasis in HNSCC, suggesting promising
preventive and therapeutic potential.

CD276 expression was inversely correlated with CD8" T cell
infiltration in human HNSCC samples. CD276 blockade signifi-
cantly increased infiltration of CD8" T cells, and depletion of
CD8" T cells impaired anti-tumor immunity by CD276 blockade.
Our immunostaining found that NKp46* NK cells in residual tu-
mor tissue were increased. Deletion of NK cells slightly affected
CD276 blockade-mediated inhibition of HNSCC growth, but this
finding was not statistically significant. These results support the
theory that CD8™ T cells are major functional targets for CD276 in
tumor immunity (Lee et al., 2017; Yonesaka et al., 2018). Impor-
tantly, CD276 blockade significantly inhibited lymph node
metastasis of HNSCC, one of the most challenging issues in
HNSCC treatment, demonstrating that targeting CD276 en-
hances anti-tumor immunity. Despite the success of anti-PD-1/
PD-L1 immunotherapy, a significant proportion of individuals
fail to respond to these therapies (Ferris et al., 2016; Harrington
et al., 2017). One of the major reasons for unresponsiveness to
immunotherapy is insufficient infiltration of activated CD8*
T cells into the tumor microenvironment. Interestingly, CD276
expression has been found to correlate with non-responsiveness
to anti-PD-1 immunotherapy in non-small cell lung cancer and
ovarian cancer because of possible exclusion of CD8* tumor-
infiltrating lymphocytes by CD276-expressing tumors (Cai

(C) Representative image and quantification of tumorspheres derived from murine HNSCC cells treated with control IgG and anti-CD276 antibodies. Student’s t
test. Scale bar, 50 um.

(D) Representative image and quantification of migrated murine HNSCC cells treated with control IgG and anti-CD276 antibodies. Student’s t test. Scale
bar, 200 um.

(E) Representative image and quantification of organoids derived from freshly isolated human HNSCC cells treated with control IgG and anti-CD276 antibodies.
Student’s t test. Scale bar, 100 pm.

(F) The percentage of cleaved caspase-3-positive cells among HN6 cells treated with control IgG and anti-CD276 antibodies. HN6 cells were co-cultured with
activated human peripheral blood T cells for 8 h. **p < 0.001 by Student’s t test.

(G-K) Frequencies of tumor-infiltrating CD8"* and CD4* T lymphocytes, macrophages, NK cells, and MDSCs in HNSCC upon anti-CD276 antibody treatment for
10 days. Values are mean + SD from a pool of three independent experiments. Vehicle group, n = 9; anti-CD276 antibody group, n=8. “p < 0.05 by Student’s t test.
(L-P) Frequencies of CD8" and CD4" T lymphocytes, macrophages, NK cells, and MDSCs in cervical lymph nodes upon anti-CD276 antibody treatment for
10 days. Values are mean + SD from a pool of three independent experiments. Vehicle control, n = 9; anti-276 group, n = 8. *p < 0.05 by Student’s t test.

See also Figure S3.
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et al.,, 2020; Yonesaka et al., 2018). Our results suggest that
abnormal expression of CD276 in HNSCC might be responsible
for the exclusion and dysfunction of CD8* T cell infiltration.
CD276 is widely expressed in a variety of tumors, including oste-
osarcoma, brain tumors, and others, as well as tumor vascula-
ture (Du et al., 2019; Majzner et al., 2019; Seaman et al., 2017).
CD276-drug conjugates, but not CD276 alone, have been shown
to strongly inhibit tumor growth and metastasis by using human
lung, colon, and breast cancer models (Seaman et al., 2017).
Importantly, our in vivo studies demonstrated that CD276
blockade alone potently inhibited HNSCC growth, indicating
that CD276 might play a more unique and critical role in HNSCC
compared with other solid tumors. Chimeric antigen receptor
(CAR) T cells targeting CD276 have been generated and shown
to control growth of pancreatic ductal adenocarcinoma, ovarian
cancer, and neuroblastoma (Du et al., 2019; Majzner et al., 2019).
It will be interesting to test whether CAT T cell targeting CD276
could help to eliminate CSCs in HNSCC and inhibit metastasis.

Although CD276 was found to be upregulated in a variety of tu-
mors, the molecular mechanism controlling CD276 expression
remains unclear. Elucidation of its upstream molecular signaling
may help us to understand tumor immune evasion and aid devel-
opment of innovative strategies for targeting CD276. Previous
studies have indicated that a miRNA-regulatory mechanism is
responsible for the CD276 expression pattern in neuroblastoma
and ovarian cancer (Wang et al., 2018; Xu et al., 2009). CD276 is
expressed highly and homogenously in multiple tumors,
including pediatric solid tumors, brain tumors, and pancreatic
ductal adenocarcinoma (Du et al., 2019; Majzner et al., 2019;
Seaman et al., 2017). Unlike in these solid tumors, we found
that CD276 was expressed preferentially at the ITF and periphery
of HNSCC. BMI1* and CD276M9" CSCs were located at the ITF
of HNSCC, suggesting that similar invasive niches and molecular
mechanisms might govern the phenotype of BMI1* and
CD276"9" cancer cells. Interestingly, we found that overexpres-
sion of CD276 induced expression of c-Jun and FOSL1, sug-
gesting that CD276 might promote CSC invasion and metastasis
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by activating AP-1 (Ding et al., 2013). Notably, we found that
CD276 transcription was controlled by SEs, which has been
shown to control cell identity and play a crucial role in tumorigen-
esis (Hnisz et al., 2013; Sengupta and George, 2017; Vaharautio
and Taipale, 2014). Strikingly, FOSL1, which drives invasive
growth and metastasis of BMI1* CSCs (Chen et al., 2017), was
involved in establishment of SEs in CD276. Our findings reveal
that CD276 and AP-1 formed a positive feedback loop to pro-
mote CSC immune evasion in addition to CSC self-renewal
and metastasis. Although BET inhibitors have been shown to
inhibit tumor growth by disrupting SEs, it has been found that
BET inhibitors cooperate with PD-1 blockade to facilitate an anti-
tumor response in non-small cell lung cancer by reducing sup-
pressive regulatory T cells (Adeegbe et al., 2018). In the future,
it will be important to test whether BET inhibitors could eliminate
CSCs and inhibit HNSCC initiation, development, and metas-
tasis by increasing the anti-tumor immune response through in-
hibition of CD276 expression.

Limitations of study

Although the mouse model allows in vivo lineage tracing of CSCs
following immunotherapy, we are unable to observe the inhibi-
tion of tumor growth dynamically. HNSCC cells grow invasively
under the mucosa, so these tumors cannot be measured directly
without sacrificing mice. MDSCs play an important role in tumor
growth and development (Sanmamed and Chen, 2018; Gubin
et al., 2018). Although anti-CD276 antibodies did not affect the
number of MDSCs, it remains possible that anti-CD276 anti-
bodies might affect their function. The 4NQO-induced HNSCC
model might also have some limitations that make it impossible
to accurately examine changes in MDSCs. Further studies are
necessary to dissect the heterogeneity and phenotype changes
of MDSCs in HNSCC upon CD276 blockade, using advanced
technologies such as scRNA-seq and spatial RNA sequencing
(spRNA-seq). Based on the status of human papillomavirus
(HPV), HNSCC is mainly categorized into two subtypes: HPV™
and HPV*. HPV* and HPV~ HNSCC might have distinct immune

Figure 7. Depletion of CD8* T lymphocytes impairs CD276 blockade-mediated inhibition of tumor growth and CSC elimination

(A) Experimental design for depletion of CD8* T lymphocytes and lineage tracing of CSCs of HNSCC in Bmi1°™"; Rosa

tdTomato mice.

(B) Representative image of tongue lesions at 26 weeks in Bmi1°°5:Rosa™@°™a mice treated with different antibodies. Vehicle, isotype IgG; anti-CD276, anti-
CD276 antibody + isotype IgG; anti-CD276 + anti-CD8, anti-CD276 antibody + anti-CD8« antibody; anti-CD8, anti-CD8a antibody + isotype IgG. Scale bar, 5 mm.
(C) Quantification of lesions visible on mouse tongues. Values are mean + SD from a pool of four independent experiments (n = 13-17 as indicated). *p < 0.05 by
one-way ANOVA.

(D) Quantification of lesion areas in mouse tongues. Values are mean + SD from a pool of four independent experiments. Vehicle, n = 17; anti-CD276 antibody, n =
17; anti-CD276 + anti-CD8 antibody, n = 13; anti-CD8 antibody, n = 13. *p < 0.05 and ***p < 0.001 by one-way ANOVA.

(E) Representative image of H&E staining of HNSCC in Bmi1°®EF;Rosa!@™™a mice. Scale bars, 200 pm (top panels) and 50 um (bottom panels).

(F) Quantification of HNSCC invasion depth. Vehicle, n = 17; anti-CD276 antibody, n = 17; anti-CD276 + anti-CD8 antibodies, n = 13; anti-CD8 antibody, n = 13.
*p < 0.05 and **p < 0.01 by one-way ANOVA.

(G and H) Representative image and quantification of PCK*Tomato* CSCs in anti-CD276 antibody-treated Bmi1°"EF;Rosa!" ™3 mice with or without depletion
of CD8* T cells. Values are mean + SD. Vehicle, n = 17; anti-CD276 antibody, n = 16; anti-CD276 + anti-CD8 antibodies, n = 13; anti-CD8 antibody, n = 13. *p <
0.01 and ***p < 0.001 by one-way ANOVA. Scale bar, 20 um.

(I) Representative image of PCK* cancer cells and PCK*Tomato* CSCs in cervical lymph nodes in different groups. Scale bar, 20 pm.

(J) Number of cervical lymph nodes with metastases in different groups. ***p < 0.001 by chi-square test. Numbers of cervical lymph nodes are indicated.

(K) Quantification of PCK*Tomato* CSCs in cervical lymph nodes in different groups. Vehicle, n = 17; anti-CD276 antibody, n = 17; anti-CD276 + anti-CD8
antibodies, n = 13; anti-CD8 antibody, n = 13. ***p < 0.001 by one-way ANOVA.

(L) Representative image and quantification of CD8* lymphocytes in HNSCC from anti-CD276-treated Bmi1°°5";Rosa’@7°™a% mijce with or without depletion of
CD8" T cells. Vehicle, n = 17; anti-CD276 antibody, n = 17; anti-CD276 + anti-CD8 antibodies, n = 13; anti-CD8 antibody, n = 13. ***p < 0.001 by one-way ANOVA.
Scale bar, 50 um.

See also Figures S4-S6.
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features. Although our model simulates the molecular pathogen-
esis of HPV~ HNSCC, we do not know whether CSCs in HPV*
HNSCC also utilize CD276 to evade immune surveillance.
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Cat#14058; RRID: AB_2750877
Cat#ab14389;RRID:AB_2065390
Cat#L.S-C419560; RRID:AB_2888639
Cat#85336; RRID: AB_2800052
Cat#ab187274; RRID:AB_2888640
Cat#ab232745, RRID:AB_2888631
Cat#ab4059; RRID:AB_304251
Cat#ab22378, RRID:AB_447033
Cat#ab214468; RRID:AB_2814876
Cat#5281; RRID:AB_10557418:
Cat#9165; RRID:AB_2130165
Cat#3724; RRID:AB_1549585
Cat#4970; RRID:AB_2223172
Cat#T5168; RRID:AB_477579
Cat#A300-793A; RRID:AB_577241
Cat#ab128874; RRID:AB_11145462
Cat#300331; RRID:AB_11147368

Cat#302933; RRID:AB_11150591

Cat#16432182, RRID:AB_470156

Cat#16593781; RRID: AB_1548799

Cat#300412; RRID:AB_314066
Cat#559341; RRID:AB_397234
Cat#130110999; RRID:AB_2657495
Cat#130095522; RRID:AB_10827690
Cat#130102214; RRID:AB_2657515
Cat#135608; RRID:AB_2566063
Cat#564997; RRID:AB_2869637
Cat#103132; RRID:AB_893340
Cat#100422; RRID:AB_312707
Cat#100210; RRID:AB_389301
Cat#563332; RRID:AB_2721167
Cat#108738; RRID:AB_2562217
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anti-mouse Gr-1 PE/Dazzle 594 BioLegend Cat#108452; RRID:AB_2564249
anti-mouse CD11b BV605 BioLegend Cat#101257; RRID:AB_2565431
anti-mouse F4/80 BV650 BioLegend Cat#123149; RRID:AB_2564589

Biological samples

Human HNSCC embedded tumor samples

Human HNSCC primary samples

Human HNSCC Paraffin Embedded Tissue
Array (OR601c)

UCLA translational pathological core
laboratory

UCLA translational pathological core
laboratory

US Biomax

http://pathology.ucla.edubody.cfm?
id=1085&fr=true

http://pathology.ucla.edubody.cfm?
id=1085&fr=true

https://www.biomax.us/

Chemicals, peptides, and recombinant proteins

DMEM

DMEM/F-12

Fetal Bovine Serum

M-MuLV Reverse Transcriptase
Random Primers

dNTP

Penicillin-Streptomycin (10,000 U/mL)
Trypsin-EDTA

Lipofectamine RNAIMAX Transfection
Reagent

TRIzol Reagent

FuGENE 6 transfection reagent

B-27 Supplement (50X), serum free
B-27 Supplement (50X), minus vitamin A
N-2 Supplement (100X)

Sodium Pyruvate

N-acetyl-I-cysteine

Nicotinamide

Paraformaldehyde

JQ1

iBET-151

Recombinant Human EGF protein
Animal-Free Recombinant Human EGF
A83-01

FGF10

Recombinant Human IL-2
Recombinant Human FGF2
Prostaglandin E2

CHIR 99021

Forskolin

Recombinant Human R-spondin Protein
Recombinant Human Noggin

Y-27632

Recombinant Human FGF basic (146 aa)
Protein

CelLytic buffer
4-Nitroquinoline N-oxide (4NQO)

ProLong Diamond Antifade Mountant
with DAPI

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
New England Biolabs

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

Thermo Fisher Scientific
Promega

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

APEXBIO

MCE

R&D Systems
PeproTech

PeproTech

PeproTech

PeproTech

Sino Biological

MCE

Sigma-Aldrich

Abcam

R&D Systems
PeproTech

TargetMol

R&D Systems

Sigma-Aldrich
Santa Cruz
Thermo Fisher Scientific

Cat#11995065
Cat#11330-032
Cat#10437028
Cat#M0253L
Cat#48190011
Cat#18427013
Cat#15140122
Cat#R001100
Cat#13778150

Cat#15596026
Cat#E2691
Cat#17504044
Cat#12587010
Cat#17502048
Cat#11360070
Cat#A7250
Cat#N0636
Cat#P6148
Cat#A1910
Cat#HY-13235
Cat#236-EG-01M
Cat#AF-100-15
Cat#9094360
Cat#100-26
Cat#20002
Cat#10014-HNAE
Cat#HY-101952
Cat#SML1046
Cat#ab120058
Cat#3266-RS
Cat#120-10C
Cat#T1725
Cat#233-FB-025/CF

Cat#C3228
Cati#sc-256815
Cat#P36962
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Critical commercial assays

ALDEFLUOR Kit STEMCELL Technologies Cat#01700
AEC+ chromogen Dako EnVision System Cat#MP-6401-15
RNeasy Micro Kit QIAGEN Cat# 74004
SYBRGreen supermix Bio-Rad Cat#1708880
Clarity Western ECL Substrate Bio-Rad Cat#1705060
KAPA RNA-Seq Library Preparation Kits KAPA Biosystems Cat#07960140001
Human Tumor Cell Dissociation Kit Miltenyi Biotech Cat#130095929
Mouse Tumor Cell Dissociation Kit Miltenyi Biotech Cat#130096730
Human Pan T Cell Isolation Kit Miltenyi Biotech Cat#130096535

Chromium Next GEM Single Cell 3' GEM,
Library & Gel Bead Kit v3.1

10X Genomics

Cat#PN-1000121)

Deposited data

Raw data files for RNA sequencing NCBI GEO GEO:GSE132627

Raw data file for scRNA sequencing NCBI GEO GEO:GSE164817

Experimental models: cell lines

SCCH1 University of Michigan N/A

SCC22B University of Michigan N/A

SCC23 University of Michigan N/A

SCC1R This laboratory N/A

HNG6 Wayne State University N/A

Experimental models: organisms/strains

Mouse: Bmi1Cre-ER Jackson Laboratory JAX:010531

Mouse: R26tdTomato Jackson Laboratory JAX:007908

Mouse: NOG Taconic NOG-F

Oligonucleotides

See Table S1 This paper N/A

Recombinant DNA

GIPZ Non-silencing Lentiviral shRNA Dharmacon Cat#RHS4346

Control

GIPZ Lentiviral Human CD276 shRNA Dharmacon Cat#RHS4531-EG80381

OmicsLink ORF lentiviral expression GeneCopoeia Cat#EX-NEG-Lv105

plasmid Control

OmicsLink ORF lentiviral expression GeneCopoeia Cat#EX-Z2350-Lv120

plasmid CD276

Software and algorithms

Cellsens Olympus https://www.olympus-lifescience.com/en/
software/cellsens/

CytExpert software Beckman Coulter https://www.beckman.com/flow-
cytometry/instruments/cytoflex/software

Cufflinks Trapnell Lab http://cole-trapnell-lab.github.io/cufflinks/

ELDA: Extreme Limiting Dilution Analysis The Walter and Eliza Hall http://bioinf.wehi.edu.au/software/elda/

MeV N/A http://mev.tm4.org

GSEA Broad Institute https://www.broad.mit.edu/GSEA

TIMER Li et al., 2017b https://cistrome.shinyapps.io/timer/

CellRanger (version 3.1.0)

Seurat (version 3.1.5)

Cell Ranger Single Cell Software Suite

Seurat R package
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https://support.10xgenomics.com/single-
cell-gene-expression/software/pipelines/
latest/what-is-cell-ranger

https://satijalab.org/seurat/
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SingleR (V1.0.6) SingleR R package https://github.com/dviraran/SingleR
GraphPad Prism 6 software GraphPad Software, Inc. https://www.graphpad.com/scientific-

software/prism/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for reagents may be directed to, and will be fulfilled by, the lead contact, Cun-Yu Wang (cwang@
dentistry.ucla.edu).

Materials availability

Cell lines and plasmids used in this study are described in the key resource table and available upon request. Bmi1¢EF;gogteTomato
mice are available upon request with the approved animal protocol. All requests need to execute a suitable Materials Transfer
Agreement.

Data and code availability
RNA-seq and scRNA-seq data were deposited at the Gene Expression Omnibus (GEO) under the accession number GEO:
GSE132627 and GEO: GSE164817.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Bmi1°meER: RogtdTomate mice were generated by crossmating Bmi1©E7 (Jackson Laboratory, JAX:010531) with R26™7°™a%° (Jackson
Laboratory, JAX:007908) as described before (Chen et al., 2017). NOG mice were purchased from Taconic. Mice were housed under
standard conditions in the animal facility of UCLA. All procedures were performed based on the UCLA Animal Research Committee-
approved protocols. The induction of mouse HNSCC with 4-NQO was performed as described before (Jia et al., 2020).

Cell lines

Human HNSCC cell lines SCC1, SCC22B, and SCC23 cells were obtained from the University of Michigan, and HN6 cells were from
Wayne State University. SCC1R was cisplatin-resistant and maintained in 5 pg/ml of cisplatin. These cells were culture in normal
DMEM supplemented with 10% FBS at 37°C in 5% CO, atmosphere.

Human HNSCC samples

The use of human HNSCC samples in this study was approved by the UCLA Institutional Review Board. Fresh human HNSCC pri-
mary tissue were obtained from Ronald Reagan UCLA Medical center and subcutaneously inoculated into flank of 6-week-old NOG
mice (Taconic). The paraffin-embedded blocks of the human HNSCC were obtained from the UCLA Translational Pathological Core
Laboratory and sectioned for immunohistochemistry.

METHOD DETAILS

4NQO model, lineage tracing and antibody treatment

The induction of HNSCC and lineage tracing were performed as previously described (Chen et al., 2017). 4-Nitroquinoline N-oxide
(4-NQO; sc-256815, Santa Cruz,) was suspended in propylene glycol (Sigma-Aldrich, W294025) at 5 mg/ml and stored for at 4°C.
Six-week-old Bmi1°ER;R26197°Ma% mice were consecutively treated by 40 pg/ml 4-NQO (Cat#sc-256815, Santa Cruz)-containing
drinking water for 16 weeks. The drinking water was changed every two weeks. Afterward, mice were feed with normal drinking water
for another 10-14 weeks.

For CD276 blockade treatment, mice at 22 weeks were randomly divided into two groups and intraperitoneally given the vehicle
IgG control (InVivoMADb rat IgG1 isotype control, BioXcell Cat#BE0088, 10mg/kg body weight) and anti-CD276 antibodies (InVivo-
MAb anti-mouse CD276, BioXcell Cat#BE0124, 10mg/kg body weight) three times per week for 4 weeks. To label BMI1* CSCs,
Bmi1€ER; R26'ITomato mice were injected with tamoxifen intraperitoneally at a dose of 225 mg/kg body weight 24 h before sacrificing
the mice. For depletion of CD8" T lymphocytes, mice were intraperitoneally given anti-CD8 (InVivoPlus anti-mouse CD8a., BioXcell
Cat#BP0061, 100 pg/mouse) twice per week for 4 weeks. InVivoPlus rat IgG2b isotype (BioXcell Cat#BP0090, 100 ng/mouse) as con-
trol antibodies were given twice per week for 4 weeks. For the depletion of CD8" T and NK cells, mice were given anti-CD8 (100 ng/
mouse) and anti-NK1.1 antibodies (InVivoPlus anti-mouse NK1.1, BioXcell Cat#BP0036, 100 pg/mouse), anti-CD8 (100 pg/mouse),
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and anti-NK1.1 antibodies (100 ng/mouse) twice per week for 4 weeks. Both InVivoPlus rat IgG2b isotype (BioXcell Cat#BP0090,
100 ng/mouse) and InVivoPlus mouse IgG2a isotype (BioXcell CatBP0085, 100 ng/mouse) as control antibodies were given twice
per week for 4 weeks. For JQ1 treatment, the animals were randomly assigned into either control or JQ1 treatment group. JQ1 (APEx-
BIO, cat#4499) stock solution was prepared in dimethylsulfoxide (Sigma-Aldrich, cat#D2650) at 200 mg/ml and administered at
50 mg/kg body weight.

HNSCC formation and invasive grades were examined by H&E staining and the invasive depth was measured in the H&E stained
sections. The cervical lymph node metastasis was determined with anti-PCK antibodies and the percentage of lymph node with
metastasis was evaluated (Chen et al., 2017).

Immunostaining
After treatment, mice were euthanized, and the neck skin was cut and detached. The cervical lymph nodes were harvested with sharp
scissors under the Leica EZ4 Stereo Microscope and fixed with 4% paraformaldehyde (PFA; Cat#P6148, Sigma-Aldrich). After col-
lecting all the lymph nodes, mouse jaws were opened with a bone scissor and the tongue tissues were harvested with a sharp scissor
and fixed with 4% PFA. Paraffin-embedded HNSCC sections or frozen sections were processed and cut by the UCLA Translational
Pathological Core (Chen et al., 2017; Ding et al., 2013). For immunofluorescent staining, sections were incubated with primary an-
tibodies, including anti-PCK (Abcam, Cat#ab9377; 1:200), anti-active caspase3 (Abcam, Cat#ab13847; 1:100), anti-CD276 (Cell
Signaling Technology, Cat#14058; 1:100), anti-Bmi1 (Cell Signaling Technology, Cat#6864; 1:100) and anti-CD276 conjugated
with FITC (LS Bio, Cat#LS-C419560; 1:100). The antigens were visualized using secondary antibodies conjugated with Cy2 or
Cy3 (Jackson ImmunoResearch Laboratories). Sections were then counterstained and mounted with ProLong Diamond Antifade
Mountant with DAPI (Thermo Fisher Scientific, Cat# P36962). Images were acquired with a microscopy running Cellsens software.
For immunohistochemistry of human or murine HNSCC samples, sections were incubated with the following primary antibodies at
4°C overnight, anti-CD276 (Cell Signaling Technology, Cat#14058; 1:100), anti-CD8a (Cell Signaling Technology, Cat#85336S;
1:100), anti-FOSL1 (Abcam, Cat#ab232745; 1:100), anti-CD8 (Abcam Cat#ab22378; 1:100), anti-NKp46 (Abcam, Cat#ab214468;
1:100), and anti-active caspase3 (Abcam, Cat#ab13847; 1:100). The slides then were then incubated with horseradish perioxi-
dase-labeled polymers for 2h at room temperature and detected with AEC+ chromogen (Dako EnVision System, Cat# MP-6401-
15). The immunohistochemistry scores were determined as previously described (Pirker et al., 2012).

HNSCC PDX model, cell isolation and flow cytometry

The use of human HNSCC tissues for this study was approved by the UCLA Institutional Review Board. The human HNSCC primary
tissues were obtained from the UCLA Translational Pathological Core and subcutaneously inoculated into flank of 6-week-old NOG
mice (Taconic) to generate the PDXs. The murine HNSCC primary tissues from 4NQO-induced Bmi1°®ER;Rosa’@™°™° mouse were
transplanted to the flank of 6-week-old NOG mice to generate murine HNSCC xenografts. Human and murine HNSCC xenografted
tumors were chopped and then digested into single cell suspensions by using a human tumor cell dissociation kit (Miltenyi Biotec,
Cat#130095929) or a mouse tumor dissociation kit (Miltenyi Biotec, Cat# 130096730). To isolate CD276M9" and CD276'" cancer
cells from tumor tissues, the single cell suspension was incubated with anti-human EpCAM-PE (Miltenyi Biotec, Cat#130110999;
1:50), anti-human CD276-APC (Miltenyi Biotec, Cat#130095522; 1:100) or anti-mouse EpCAM-FITC (Miltenyi Biotec, Cat#
130102214; 1:50) and anti-mouse CD276-APC (BioLegend, Cat#135608; 1:50) for 30 min on ice and then sorted by a FACSVantage
SE (Beckton Dickson). The results were analyzed with FlowJo software (https://www.flowjo.com). For ALDHP"9" and ALDH™ cell
sorting, cancer cells were stained with an ALDHEFLUOR assay kit (STEMCELL Technologies, Cat#01700).

Immune cell profiling by flow cytometry

Primary murine HNSCC tissues and cervical lymph nodes were harvested from 4NQO-induced mice treated with vehicles or anti-
CD276 antibodies for 10 days. Single cell suspensions were achieved as described above. For staining of cell surface markers, cells
were incubated with indicated antibodies on ice for 30min and washed with staining buffer. Then, the stained cells were examined
using a flow cytometer (Navios, Beckman Coulter) and the data was analyzed with CytExpert software (https://www.beckman.com/
flow-cytometry/instruments/cytoflex/software). Antibodies used for flow cytometry analysis are listed below:anti-mouse FVS700
APC-700 (BD Biosciences, Cat#564997), anti-mouse CD45 Percp-cy5.5 (BioLegend, Cat#103132), anti-mouse CD4 PE-cy7 (Bio-
Legend, Cat#100422), anti-mouse CD3 Alexa Flour488 (BioLegend, Cat#100210), anti-mouse CD8 BV786 (BD Biosciences,
Cat#563332), anti-mouse NK1.1 BV510 (BioLegend, Cat#108738), anti-mouse Gr-1 PE/Dazzle 594 (BioLegend, Cat#108452),
anti-mouse CD11b BV605 (BioLegend, Cat#101257), and anti-mouse F4/80 BV650 (BioLegend, Cat#123149).

Tumorsphere formation assays

For tumorsphere formation assay, FACS-sorted cells were seeded in ultra-low attachment plates and cultured in serum-free DMEM/
F12 (Thermo Fisher Scientific, Cat#11330-032) supplemented with 1% B27 supplement (Thermo Fisher Scientific, Cat#17504044),
1% N2 supplement (Thermo Fisher Scientific, Cat#17502048), penicillin-streptomycin (100 pg/ml; Thermo Fisher Scientific,
Cat#15140122), human recombinant epidermal growth factor (EGF; 20 ng/ml; R&D Systems, Cat#236-EG-01M), and human recom-
binant basic fibroblast growth factor (oFGF; 10 ng/ml; R&D Systems, Cat#233-FB-025/CF), in a humidified 5% CQO2 incubator
at 37°C.
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Organoid culture

HNSCC organoids were cultured as described previously (Driehuis et al., 2019). In brief, SCC cells isolated from primary HNSCC were
suspended with BioCoat MATRIGEL MATRIX (BioCoat, Cat#354253) mixed with organoid medium (1:1). The miscible liquid was
plated on the 24-well culture plates and concreted in incubator at 37°C for 30 minutes, and then organoids were cultured in the
self-configured medium as described before (Driehuis et al., 2019). The medium contained DMEM/F12, 1 x B27 supplement (Thermo
Fisher, Cat#12587010), 1.25 mmol/L N-acetyl-I-cysteine (Sigma-Aldrich, Cat#A7250), 10 mmol/L Nicotinamide (Sigma-Aldrich,
Cat#N0636), 50 ng/mL human EGF (PeproTech, Cat#AF-100-15), 500 nmol/L A83-01(PeproTech, Cat#9094360), 10 ng/mL human
FGF10 (PeproTech, Cat#100-26), 5 ng/mL human FGF2 (Sino Biological, Cat#10014-HNAE), 1 umol/L Prostaglandin E2 (MCE,
Cat#HY-101952), 0.3 pmol/L CHIR 99021 (Sigma-Aldrich, Cat#SML1046), 1 umol/L Forskolin (Abcam, Cat#ab120058), 50ng/ml
R-spondin (R&D Systems, Cat#3266-RS), 25ng/ml Noggin (PeproTech, Cat#120-10C), and 10 pmol/L Rho-associated kinase
(ROCK) inhibitor Y-27632 (TargetMol, Cat#T1725).

Limiting-dilution assays in vivo

For limiting-dilution assays in mice, different numbers of FACS-sorted tumor cells isolated from human and murine HNSCC xeno-
grafts were mixed with Matrigel and subcutaneously injected into the flank of NOG mice. The tumor growth in mice was monitored
every day.

Cell invasion assays

The in vitro cell invasion was measured using the Corning BioCoat Matrigel Invasion Chamber (Corning; Cat#354480) in accordance
with the manufacturer’s instructions. In brief, cells were seeded in the upper chambers, and culture medium with 5% FBS was added
to the lower chambers. After 24 hours incubation, cells that invaded to the reverse side of inserts were stained with a Hema3 Staining
kit (Fisher, #123-869) and quantified with a microscope.

Cytotoxicity assays in vitro

Human peripheral blood mononuclear cells (PBMC) were isolated from leukopheresis by Ficoll-Hypaque density gradient. T cells
were isolated from PMBC by using Pan T Cell Isolation Kit (Miltenyi Biotech, Cat#130096535) in accordance with the manufacturer’s
guidelines. The 24-well plates were coated with Ultra-LEAF™ Purified anti-human CD3 (10ug/ml, BioLegend, Cat#300331) and Ultra-
LEAF™ Purified anti-human CD28 (2ug/ml Bioligand, Cat#302933) in PBS overnight at 4°C. The isolated T cells were plated into 24-
well plates to be activated for 72h in RPMI medium supplemented with 10% FBS,1X MEM Non-Essential Amino Acids (ThermoFisher,
Cat#11140050), 1mM sodium pyruvate (ThermoFisher, Cat#11360070), 100 U/ml penicillin, 100ng/ml streptomycin and 100 1U/mL
human IL2 (Peprotech, Cat#20002). HNSCC cells and activated T cells were co-cultured in the presence of anti-CD276 (10ug/ml,
MIH35 clone, Thermo Fisher Scientific, Cat#16593781) or the isotype control antibodies at a 1:10 ratio for 10h at 37°C. The cells
were stained with APC-conjugated anti-human-CD3 antibodies (BioLegend, Cat#300412) for 30min on ice and washed with PBS
plus 2% FBS. Cells were then fixed, permeabilized and stained with FITC-conjugated anti-human cleaved Caspase-3 antibodies
(BD Biosciences, Cat#559341) for 30min on ice and washed with PBS plus 2% FBS. The percentages of cleaved Caspase-3 positive
tumor cells were analyzed by flow cytometry.

Cell culture, siRNA or shRNA knockdown, transfection, and western blot

Human HNSCC cell lines were maintained in DMEM containing 10% FBS. For transient transfection of FOSL1 siRNAs, 10nM siRNAs
were transfected with Lipofectamine RNAIMAX reagents (Thermo Fisher Scientific, Cat#13778150) following the manufacturer’s in-
structions. Two FOSL17 siRNA sequences are: 5'-GCUCAUCGCAAGAGUAGCA-3' and 5-GAGCUGCAGUGGAUGGUAC-3'. The
control siRNA was purchased from Dharmacon (ON-TARGETplus Non-targeting siRNA, D-001810-01). For stable knockdown of
CD276, cells were infected with lentiviruses expressing two different pGIPZ-shCD276 lentiviral vectors (Dharmacon, Cat#
RHS4531-EG80381) and selected with puromycin (0.5 pg/mL) for 2 weeks. For transfection of CD276 plasmids, 3 ug control (Gen-
eCopoeia, Cat#EX-NEG-Lv105) or CD276 (GeneCopoeia, Cat#EX-Z2350-Lv120, HA-tagged) plasmids were transfected with Fu-
GENE 6 transfection reagent (Promega, Cat#E2691) following the manufacturer’s instructions. The knockdown or overexpression
of CD276 was confirmed by western blot.

The CellLytic buffer (Sigma-Aldrich, Cat#C3228) was utilized to extract proteins from HNSCC cells. Aliquots of protein extracts
were separated on SDS-PAGE before being transferred to a PVDF membrane. Membranes were blocked with 5% milk for 1 hr
and incubated with primary antibodies overnight, followed by incubation with the peroxidase-coupled secondary antibodies for
1 h at room temperature. Primary antibodies used in this study were: anti-CD276 (Cell Signaling Technology, Cat#14058, 1:
1000), anti-FOSL1 (Cell Signaling Technology, Cat#5281; 1:2000), anti-c-Jun (Cell Signaling Technology, Cat#9165; 1:2000), anti-
HA-Tag (Cell Signaling Technology, Cat#3724; 1:1000), anti-B-actin (Cell Signaling Technology, Cat#4970; 1: 5000), and anti-
a-Tubulin (Sigma, Cat#T5168; 1:5000).

RT-qPCR and ChIP-qPCR

For RT-gPCR, total RNA was extracted using TRIzol reagents (Thermo Fisher Scientific, Cat#15596026) or RNeasy Micro Kit
(QIAGEN, Cat# 74004), and 1-2 ug of RNA was used for the reverse transcription reaction with random primer (Thermo Fisher Sci-
entific Cat#48190011), dNTP mix (Thermo Fisher Scientific, Cat#18427013), and M-MuLV Reverse Transcriptase (New England
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Biolabs, Cat#M0253L). The levels of MRNA were quantified using a SYBRGreen supermix (Bio-Rad, Cat#1708880). The primer se-
quences for qPCR are listed in Table S1. Relative expression levels of the indicated genes were compared with GAPDH expression
using the 2AAct method.

ChIP-gPCR assays were performed as described previously (Li and Wang, 2008; Li et al., 2017a). Cells were crosslinked with 1%
formaldehyde in PBS at 37 °C for 10 min, rinsed with PBS and collected with a cell scraper. The cell pellet was resuspended and lysed
with ChlIP lysis buffer and sonicated to generate 200-500 bp DNA fragments with an ultrasonic sonicator. The chromatin complexes
were immunoprecipitated with anti-FOSL1 (Cell Signaling Technology Cat#5281), anti-MED1 (Bethyl, Cat#A300-793A) and anti-
BRD4 (Abacm, Cat#ab128874). The precipitated DNA-chromatin products were purified and the DNA levels were quantified by
gPCR. The DNA levels are expressed as the percentage of input DNA. The primer sequences used for ChIP-gPCR are listed in Table
S1.

RNA-seq

Quality of the RNA for sequencing was assessed using an Agilent 2100 Bioanalyzer. RNA library was prepared at UCLA sequencing
core facilities using the KAPA RNA-Seq Library Preparation Kits (KAPA Biosystems, cat#07960140001), and RNAs were single-end
sequenced on lllumina HiSeq 3000 machines. Cufflinks with Refseq mRNAs were utilized to determine transcript assembly and dif-
ferential expression. RNA-seq data was analyzed using the cummeRbund package in R (http://cole-trapnell-lab.github.io/cufflinks/).
The heatmap was generated with MeV 4.9 software (http://mev.tm4.org).

scRNA-seq
To identify the landscape alterations of HNSCC cells following anti-CD276 treatment, primary murine HNSCC tissues were carefully
resected and harvested from the tongue of 4ANQO-induced mice treated with vehicles or anti-CD276 antibodies for 4 weeks. To avoid
inter-individual variability, we harvested pooled primary murine HNSCC samples from 3 mice in two independent cohorts of 4ANQO-
induced C57BL/6 mice treated with vehicle and anti-CD276 antibodies. Single cell suspensions were achieved as described above
and lysed with Red Blood Cell Lysis Buffer (BioLegend, Cat#420301). Cells were then resuspended into single cells for 10x genomics
processing. scRNA-seq libraries were prepared using Chromium Next GEM Single Cell 3' GEM, Library & Gel Bead Kit v3.1(10X Ge-
nomics, Cat#PN-1000121) as per manufacturer’s protocol. Sequencing was performed on NovaSeq 6000 System (lllumina).
scRNA-seq raw data was generated from the 10x Genomics platform. Cell Ranger Single Cell Software Suite (version 3.1.0) was
utilized to carry out sample de-multiplexing, barcode and UM1 processing, and single-cell 3’ gene counting. A gene expression ma-
trix was constructed in sequential processing as provided in the Seurat toolkit (version 3.1.5) pipeline. Cells with > 10% mitochondrial
genes mapped and < 200 genes were eliminated from downstream analysis. All samples were merged into one Seurat object that
was normalized by regressing out total cellular UMI counts and percentage of mitochondrial genes. Principal component analysis
(PCA) was used for dimensionality reduction, and UMAP plots were generated via the RunUMAP function.

Initial cells clustering was performed using the Louvain algorithm based on a shared nearest-neighbor network. The final resolution
of all subsequent clustering analyses was determined along with the biological questions and the need for details as investigated in
the subsequent annotation. To delegate cell types, we compared clusters with those of the Immgen database using SingleR (V1.0.6)
package. Differential expression of marker genes was performed using the FindAllMarkers function in Seurat with default parameters.
Clusters were further annotated by directly comparing their transcriptional state with the known clusters using Single R Package and
top differentially expressed genes with cell type specific expression reported in the literature. We identified cancer cells expressing
Epcam, fibroblasts expressing Col1a1, endothelial cells expressing Vwf, lymphoid cells expressing Cd3d, Cd4, Cd8a, Foxp3, and
myeloid cells expressing ltgam. To further dissect the cancer subsets, annotations were settled by separating their respective
clusters, repeating dimensionality reduction and unsupervised reclustering. Annotations were also performed based on the results
of Single R and top differentially expressed genes. During all above-mentioned re-clustering, we observed small clusters of cells co-
expressing keratinocyte and endothelial markers which were doublets and thereby removed from further analysis as described pre-
viously (Ji et al., 2020).

QUANTIFICATION AND STATISTICAL ANALYSIS

We performed statistical analyses using Graphpad Prism 6.0 for windows (GraphPad software, Inc.). Statistical parameters of the
analyses are reported in the Figure Legends. Limiting-dilutions were calculated using the Extreme Limiting Dilution Analysis software
(http://bioinf.wehi.edu.au/software/elda/). GSEA and the statistical analyses were performed with GSEA software (https://www.
broad.mit.edu/GSEA) and a two-tailed t test, respectively. A customized gene set for core ESC-like module was from Wong et al.
(2008). TCGA data analyses are from TIMER (Li et al., 2017b; https://cistrome.shinyapps.io/timer/) and TIMER2.0 (Li et al., 2020;
http://timer.cistrome.org).
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Figure S1, Related to Figure 1
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Figure S1, related to Figure 1, CD276 is highly expressed in CSCs of HNSCC

(A) Heatmap showing the expression of 22 immune checkpoints by RNA-seq data in
Bmi1* CSCs and Bmi1~- non-CSCs. * indicated fold change>2, q value<0.05.

(B) Analysis of the correlation between CD276 or CD80 and CD8A, CD8B, GZMB or
IFNG in HNSCC based on TCGA HNSCC datasets.

(C) BMI1* CSCs highly expressing CD276 in murine HNSCC. Scale bar, 20um

(D) EpCAM*CD276Nsh cells freshly isolated from primary human HNSCC formed larger
organoid than EpCAM*CD276'°% cells. **p<0.01 and ***p<0.001 by Students t test.
Scale bar, 100um. 5 organoids were counted in each group.

(E) Representative image of tongue lesions in 4NQO-induced mouse treated with control
(Ctrl) and JQ1. Scale bar, 5mm

(F) Quantification of lesion numbers visible in the mouse tongues. Values are mean *
SD, n =5, *p<0.05 by Student’s t test.

(G) Quantification of lesion areas visible in the mouse tongues. Values are mean = SD,
n=5, *p<0.05 by Student’s t test.

(H) Representative images of CD276 immunostaining in mouse HNSCC treated with
control (Ctrl) and JQ1. Scale bar, 20pm

(I) Quantification of CD276 expression in mouse HNSCC treated with control (Ctrl) and
JQ1. Values are mean * SD, n=5, *p<0.05, by Student’s t test.



Figure S2, related to Figure 5
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Figure S2, related to Figure 5, scRNA-seq identifies landscape alterations of
HNSCC upon anti-CD276 treatment.

(A) UMAP plot showing identified cell populations within whole tumor from two
groups merged at 4 weeks after anti-CD276 treatment.

(B-l) UMAP plots of identified cell populations displaying marker gene expression.
(J-P) UMPA plots of cancer cells displaying selected marker gene expression.



Figure S3, Related to Figure 6
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Figure S3, related to Figure 6, Anti-CD276 treatment increases CD8*
lymphocytes and induces apoptosis in HNSCC

(A) Anti-CD276 did not inhibit the expression of c-Jun and FOSL1 expression in
SCC cells by Western blot analysis.

(B) Anti-CD276 did not inhibit the expression of c-Jun and FOSL1 in human HNSCC
organoids by immunostaining.

(C) Representative image and quantification of active-caspase-3* cells in HNSCC
from Bmi1CeER:Rosatd’omato mice treated with anti-CD276. n=8, ***p<0.001 by
Student’s t test.

(D) Representative image and quantification of GZMB* cells in HNSCC from
Bmi1C€reER; RosatdTomato mice treated with anti-CD276. n=8, ***p<0.001 by Student’s t
test.

(E) Representative image and quantification of CD8* cells in HNSCC from
Bmi1C€reER; Rosatd™omato mice treated with anti-CD276. n=8 ***p<0.001 by Student’s t
test.

(F) Representative image and quantification of NK cells in HNSCC from
Bmi1C€reER;Rosatd™omato mice treated with anti-CD276. n=8 ***p<0.001 by Student’s t
test. Scale bar, 50um

(G) Representative image and quantification of MDSCs in HNSCC from
Bmi1CreER:RosatdTomato mice treated with anti-CD276. White arrows indicate Gr1*
(red) CD11b* (green) MDSCs. Nuclei were stained with DAPI (blue). White dashed
lines demark tumor-stromal junction. Values are mean = SD; n = 8. Scale bar, 10
Mm. ns, not significant by unpaired Student’s ¢ test.



Figure S4, Related to Figure 7
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Figure S4, related to Figure 7, The depletion of NK cells does not affect anti-CD276-
mediated inhibition of HNSCC.

(A, B) Representative image and quantification of lesion area in 4NQO-induced mice treated
with different antibodies. n=14. *p<0.05 and **p<0.01 by one-way ANOVA; n.s, non-
significant. Scale bar, 5mm.

(C) Representative image of H&E staining of HNSCC in 4NQO-induced mice treated with
different antibodies. Scale bar, 200um

(D) Quantification of HNSCC invasive depth in 4NQO-induced mice treated with different
antibodies. Vehicle, n=14. *p<0.05 and ***p<0.001 by one-way ANOVA. n.s, non-significant.
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Figure S5, related to Figure 7, High expression of CD276 is associated with a
poor prognosis in human HNSCC and is correlated with FOSL1 expression.

(A) CD276 was highly expressed in human HNSCC (HNSC) compared with normal
tissues in TCGA database. Similar results were also observed in lung SCC (LUSC),
esophageal carcinoma (ESCA) as compared to the normal tissue in TCGA database.
(B) Kaplan—Meier curves for survival of HNSCC patients in TCGA database with high
and low expression levels of CD276.

(C) Kaplan—Meier curves for survival of HNSCC patients in TCGA database with high
and low expression levels of CD274.

(D) The positive correlation between FOSL and CD276 expression in TCGA database.
(E) Immunostaining showed that CD276 protein expression levels were positively
correlated with FOSL1 expression levels in human HNSCC samples. Scale bar, 100
pm.



Figure S6, Related to Figure 7
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Figure S6, related to Figure 7, CD276 expression is inversely correlated with infiltrated
CD8* T cells in human HNSCC.

(A-C) Immunostaining showed that CD276 protein expression levels were inversely correlated
with infiltration of CD8* T cells in human HNSCC samples from two independent patient
cohorts. Scale bar, 50um

(D) CD276 expression was inversely correlated with infiltration of CD8* T cells in TCGA
HNSCC datasets based on 6 different algorithms from TIMER 2.0



Supplemental Tables

Table S1. Related to STAR Methods, Primer sequence.

Gene Assay Forward (5-3’) Reverse (5-3’)
genotyping | »ccAGCAACAGCCCCAGTGC TAGGCATTAATTGAGATTAACAAACTA
Bmi1CreER (W”dtyp.e)
Gfggé‘;{'?g ACCAGCAACAGCCCCAGTGC AAAGACCCCTAGGAATGCTC
g&ri‘l‘(’jtt{fr’)'gf AAGGGAGCTGCAGTGGAGTA CCGAAAATCTGTGGGAAGTC
tdromato Genotyping | 5 ATTAAAGCAGCGTATCC CTGTTCCTGTACGGCATGG
(tdTomato)
GAPDH gRT-PCR | GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG
CD276 gQRT-PCR | CTGGCTTTCGTGTGCTGGAGAA | GCTGTCAGAGTGTTTCAGAGGC
FOSL1 gRT-PCR | GGAGGAAGGAACTGACCGACTT | CTCTAGGCGCTCCTTCTGCTTC
CD276 ChIP-gPCR | TGTTCTGCCGCCAGTCGATGACC | CCCACCC CGTTCCCACACTTCCA
CD276-Negative | ChIP-gPCR | ACCCTTAGTTGTT CTGGTCAGTG | CCTTCAGTTTTGCATCATAGGTGC
CD276 ShRNA1 | Knockdown | AGAAGATGATGGACAAGAA
CD276 ShRNA2 | Knockdown | TGAAACACTCTGACAGCAA
FOSL1 siRNA1 Knockdown | GCUCAUCGCAAGAGUAGCA
FOSL1siRNA2 | Knockdown | GAGCUGCAGUGGAUGGUAC
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