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The IL-6R and Bmi-1 axis controls self-renewal and
chemoresistance of head and neck cancer stem cells
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Despite major progress in elucidating the pathobiology of head and neck squamous cell carcinoma (HNSCC), the high frequency of
disease relapse correlates with unacceptably deficient patient survival. We previously showed that cancer stem-like cells (CSCs)
drive tumorigenesis and progression of HNSCC. Although CSCs constitute only 2-5% of total tumor cells, CSCs contribute to tumor
progression by virtue of their high tumorigenic potential and their resistance to chemo-, radio-, and immunotherapy. Not only are
CSCs resistant to therapy, but cytotoxic agents actually enhance cancer stemness by activating transcription of pluripotency factors
and by inducing expression of Bmi-1, a master regulator of stem cell self-renewal. We hypothesized therapeutic inhibition of
interleukin-6 receptor (IL-6R) suppresses Bmi-1 to overcome intrinsic chemoresistance of CSCs. We observed that high Bmi-1
expression correlates with decreased (p = 0.04) recurrence-free survival time in HNSCC patients (n = 216). Blockade of IL-6R by
lentiviral knockdown or pharmacologic inhibition with a humanized monoclonal antibody (Tocilizumab) is sufficient to inhibit Bmi-1
expression, secondary sphere formation, and to decrease the CSC fraction even in Cisplatin-resistant HNSCC cells. IL-6R inhibition
with Tocilizumab abrogates Cisplatin-mediated increase in CSC fraction and induction of Bmi-1 in patient-derived xenograft (PDX)
models of HNSCC. Notably, Tocilizumab inhibits Bmi-1 and suppresses growth of xenograft tumors generated with Cisplatin-
resistant HNSCC cells. Altogether, these studies demonstrate that therapeutic blockade of IL-6R suppresses Bmi-1 function

and inhibits cancer stemness. These results suggest therapeutic inhibition of IL-6R might be a viable strategy to overcome the

CSC-mediated chemoresistance typically observed in HNSCC patients.
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INTRODUCTION

Head and neck squamous cell carcinoma (HNSCC) is the sixth
most common solid tumor experiencing around 55,000 newly
diagnosed cases every year in the United States [1]. Treatment
modalities for advanced HNSCC include surgical resection,
radiation and chemotherapy, or chemotherapy alone, which
commonly correlate with increased patient morbidity and disease
relapse [2]. Platinum-based agents persist as standard of care in
chemotherapeutic treatment of HNSCC, of which Cisplatin is the
most commonly used. Despite their well-recognized survival
benefit through refined control of tumor growth, treatment with
platinum-based chemotherapeutics is frequently associated with
the development of evasive resistance leading to tumor
progression [3]. In HNSCC, locoregional recurrence accounts for
20-40% of the 5-year patient mortality rate [4], making it
imperative that a treatment strategy that is more consistently
effective be investigated. This is particularly true in human
papillomavirus (HPV)-negative HNSCC patients, as HPV-negative

disease exhibits worse prognosis and higher recurrence rates
when compared to HPV-positive disease [5]. Improved compre-
hension of the pathobiology of HNSCC will enable establishing
novel mechanism-based strategies to ameliorate the survival and
health standard of HNSCC patients.

The cancer stem cell hypothesis proposes that key malignant
features of neoplastic cells originate from acquisition of stem-like
features [6]. Cancer stem-like cells (CSCs) encompass a unique
cellular subpopulation characterized by multipotency, uniquely
high tumorigenic potential, and self-renewal. CSCs in HNSCC are
identified by high activity of aldehyde dehydrogenase (ALDH)
and high expression of the surface glycoprotein CD44 [7-10].
These cells drive tumor initiation, tumor progression, and,
ultimately, therapeutic evasion in HNSCC [7, 11, 12]. Thus,
targeted therapeutic ablation of CSCs might benefit head and
neck cancer patients.

Traditional cytotoxic chemotherapy is known to instigate
phenotypic changes in cancer cells [13] by causing a shift towards
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self-renewal in the tumorigenic CSC population, priming a more
aggressive phenotype in residual tumor cells that leads to tumor
recurrence or metastatic spread [14, 15]. Cisplatin increases the
head and neck CSC fraction and induces expression of Bmi-1, a
master regulator of stem cell self-renewal [16]. Clinical observa-
tions suggest that chemoresistant tumor cells possess the capacity
to initiate a new tumor, resulting in either locoregional recurrence
or metastasis [17]. It has been recently demonstrated that Bmi-1"
cancer stem cells mediate chemoresistance and metastasis in
HNSCC [18]. In HNSCC, Cisplatin-resistant cancer cells display a
distinct increase in expression of Bmi-1 among other stemness
markers, as opposed to Cisplatin-sensitive cancer cells [13, 16].
Recent work evaluating immunotherapy resistance in HNSCC have
also found CSC to be a relevant immune-oncology target [19-21].

The molecular crosstalk within the tumor microenvironment has
been shown to assume a crucial part in maintaining the CSC pool and
mediating HNSCC resistance to conventional chemotherapy [22, 23]. It
has been previously shown that interleukin-6 (IL-6) secreted from
endothelial cells within the perivascular niche enhances CSC survival,
self-renewal, and tumorigenic potential [24, 25]. Cisplatin exposure
activates the IL-6 pathway [26], which potentiates the Cisplatin
induction of the CSC fraction and Bmi-1 expression [16]. We have
shown that head and neck CSCs (ALDH"9"CD44"9") exhibit higher
levels of IL-6 receptor (IL-6R) expression when compared with non-
CSC, ie, ALDHVCD44™" [24, 25]. We have also reported that
inhibition of IL-6R signaling is sufficient to decrease the fraction of
head and neck CSCs [24, 25]. Notably, high levels of tumor IL-6R and
serum IL-6 expression are strongly correlated with poor survival of
patients with HNSCC [25, 27].

Here we used Tocilizumab (Genentech), a humanized mono-
clonal anti-IL-6R antibody approved by the US Food and Drug
Administration (FDA) since 2010 for rheumatoid arthritis as a
prototypic inhibitor of the IL-6R signaling pathway. We demon-
strated that therapeutic blockade of IL-6R inhibits Bmi-1 function
and suppresses Cisplatin-induced CSC self-renewal and tumor
growth. In summary, these data suggest that therapeutic
inhibition of IL-6R might be a viable strategy to overcome CSC-
mediated chemoresistance in head and neck cancer.

RESULTS

IL-6/Bmi-1 signaling axis regulates cancer cell self-renewal
and correlates with recurrence-free survival of HNSCC patients
To perceive the clinical significance of Bmi-1 function in HNSCC
patients, a tissue microarray (TMA) of human HNSCC tumors
(n=216) was independently evaluated for Bmi-1 staining by two
trained oral pathologists blind for patient outcome. Immunostain-
ing for Bmi-1 was almost exclusively nuclear, varying from mild to
intense and primarily associated with nuclear chromatin, resulting
in a granular-like pattern (Fig. 1A). Bmi-1 expression formed a
gradient towards high intensity in the basal epithelial layer, where
stem cells reside in normal oral epithelium. Bmi-1 expression
clearly correlated with shorter recurrence-free survival (p = 0.04)
(Fig. 1B). No association was found between Bmi-1 expression and
gender (p = 0.30), age (p = 0.82), tobacco use (p = 0.96), or clinical
stage (p=0.92), propounding that Bmi-1 may cogitate an
impartial identifier of tumor recurrence. High levels of pretreat-
ment tumor IL-6R and serum IL-6 expression have been shown to
correlate with a higher rate of tumor recurrence and reduced
survival of HNSCC patients, which emphasizes the relevance of
inhibiting this signaling pathway to mitigate the risk of recurrence
in HNSCC [25, 27]. To assess the role of the IL-6R signaling
pathway in maintaining the CSC population and in self-renewal,
we used lentiviral short hairpin RNA (shRNA) constructs to knock
down IL-6R expression in the UM-SCC-1, UM-SCC-22A, and UM-
SCC-22B cells. Western blottings revealed that IL-6R silencing was
sufficient to inhibit STAT3 phosphorylation and Bmi-1 expression
(Fig. 1C). Notably, we have previously shown that CSCs exhibit
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constitutive phosphorylation of STAT3 and high expression of
Bmi-1 [24]. To determine whether IL-6R knockdown affects
expression of these signaling factors in CSCs, we used the
orosphere assay to functionally enrich cell cultures for CSCs [28].
We observed that IL-6R silencing also inhibited STAT3 phosphor-
ylation and Bmi-1 expression in CSC-enriched orospheres (Fig. 1D).
Moreover, IL-6R silencing decreased the orosphere-forming ability
of all HNSCC cell lines evaluated by reducing both the number
and the size of spheres, as compared to cells transduced with
shRNA-control constructs (Fig. 1E, F and Supplementary Fig. S1).
Lastly, to determine the effect of IL-6R silencing on the CSC
fraction directly, flow cytometry analysis showed a decrease in
ALDHM9"CD44"9" cells in these cells when compared to vector
controls (Fig. 1G and Supplementary Fig. S1). Collectively, these
data underline the significance of IL-6R signaling in maintaining
the stemness phenotype and self-renewal of head and neck CSCs.

Therapeutic inhibition of IL-6R abrogates Cisplatin-induced
cancer stemness in vivo

Conforming to the cancer stem cell hypothesis, therapeutic
eradication of CSCs prevents tumor progression and therapeutic
resistance [6]. As shown above and in previous publications
[24, 25], the IL-6 pathway is a particularly attractive target for CSC-
specific therapy. To determine the outcome of combination
therapy with Cisplatin and IL-6R inhibitor Tocilizumab on the CSC
fraction, we utilized HNSCC patient-derived xenograft (PDX)
mouse models characterized by our laboratory [29]. When tumors
grew to an average of ~450 mm? (Supplementary Fig. S2A-C), we
began weekly treatment with Cisplatin and/or Tocilizumab for
2 weeks (Fig. 2A).

To evaluate the consequence of this treatment on the CSC
fraction of PDX tumors in vivo, we conducted flow cytometry for
ALDH activity and CD44 expression (Fig. 2B, C). Consistent with
previously published findings [16], we observed here that Cisplatin
is sufficient to increase the CSC fraction in HNSCC (Fig. 2B).
Importantly, Tocilizumab decreased the CSC fraction and abro-
gated Cisplatin induction of CSC fraction in both PDX models.
These results were corroborated in vitro, as Tocilizumab abrogated
Cisplatin-induced increase of the CSC fraction in UM-SCC-1, -22A,
and -22B cell lines in vitro (Fig. 2D). Although the principal
objective of this short-term experiment was to determine the
treatment effect on tumor CSC fraction, we also observed
significant suppression of tumor growth by Cisplatin and
combination therapy, as compared to the untreated group
(Fig. 2E, F). Tocilizumab alone suppressed tumor growth only in
the UM-PDX-HNSCC-15 model. Notably, these data illustrate that
although Cisplatin alone is effective in slowing down tumor
growth, a combination therapy approach with Tocilizumab is
required to decrease tumor CSC fraction (Fig. 2A). Likewise, a CSC-
targeted therapy only targets a relatively small fraction of cancer
cells and, therefore, may not inhibit tumor growth alone. In a
parallel study, we assessed the effect of this treatment strategy on
long-term tumor regrowth using a scaffold xenograft model with
UM-SCC-22B cells. In this experiment, Cisplatin therapy was halted
after 2 weeks, whereas maintenance injections of Tocilizumab
were continuously administered weekly (Supplementary Fig. S2A).
We observed a delay in tumor regrowth in the groups that
received Tocilizumab (Supplementary Fig. S2D, E). Western
blottings of representative PDX tumor lysates showed that
Tocilizumab inhibited Bmi-1 expression in vivo, even in the
presence of Cisplatin (Fig. 2G). These findings support the flow
cytometry data and demonstrate that Tocilizumab inhibits
Cisplatin-induced cancer stemness.

Tocilizumab suppresses Cisplatin induction of CSC-associated
signaling pathways

To begin elucidating the mechanisms underlying the anti-CSC
effect of therapeutic blockade of IL-6R, we examined the
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Fig. 1 IL-6/Bmi-1 signaling axis regulates cancer cell self-renewal and correlates with recurrence-free survival of HNSCC patients.
A Immunohistochemistry staining for Bmi-1 in human HNSCC tumor cores of a tissue microarray. Representative images of staining patterns in
Bmi-1-low, Bmi-1-moderate, and Bmi-1-high specimens. B Graph depicting adjusted recurrence-free survival function over time in tumors with
Bmi-1 expression separated into intensity tertiles. C Western blottings showing baseline protein levels (IL-6R, phosphorylated STAT3, total
STAT3, and Bmi-1) in HNSCC cells (UM-SCC-1, -22A, and -22B) stably transduced with lentiviral vectors expressing shRNA-IL-6R or scramble
sequence control (shRNA-C). D Western blottings showing protein levels in lysates prepared from primary orospheres generated by HNSCC
cells stably transduced with lentiviral vectors expressing shRNA-IL-6R or shRNA-C. E Representative images (x40) of primary orospheres (day 8)
formed by IL-6R-silenced or vector control cells. Cells were treated with 20 ng/ml rhiL-6 the day after plating in ultra-low attachment (ULA)
orosphere conditions. Inserts at x100 magnification. F Graph depicting the number of primary orospheres per well. Bar %raphs display mean
+ 5D from five fields per well in three wells per condition. G Flow cytometry graphs depicting the CSC fraction (ALDHM9"CD44"9" cells) in IL-
6R knockdown and control cells. Bar graphs display mean +SD (n=3). *p <0.05 or **p <0.01 as determined by t-test. Different lowercase
letters indicate statistical significance at p < 0.05.

impact of the IL-6 pathway on downstream signaling effectors
in three HNSCC cell lines. Cells were exposed to Tocilizumab
and/or Cisplatin (Fig. 3A). In a parallel set of experiments, we
exposed cells to Cisplatin and/or Tocilizumab in the presence
of rhiL-6 (Fig. 3B). We observed that Cisplatin activated STAT3
and induced Bmi-1 expression (Fig. 3A). Tocilizumab inhibited
the expression of IL-6R and gp130, STAT3 activation, and Bmi-1
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expression, even in the presence of excess rhlL-6 and/or
Cisplatin (Fig. 3A, B). To determine the effect of Tocilizumab in
CSCs vs. bulk tumor cells, we sorted cells for ALDH/CD44 and
performed western blot analyses. We observed that Cisplatin
induces expression of Bmi-1 expression in sorted CSCs,
and that Tocilizumab abrogates Cisplatin-induced Bmi-1 in
CSCs (Fig. 30).

SPRINGER NATURE



A.E. Herzog et al.

A P D =31 Vehicle
3 I Cisplatin
¥ Treatment Stgart ) 25+ B Tocilizumab
| ~45(I]mm Eutha?asm = 254 HH Cis + Tcz
w© I T 1 < 20
Implantation a @ a 5 20+ b
Weekly Treatment < 154
=
. a 154
1 Vehicle %) a
B B Cisplatin 5 109 104
4+ 50- b EH Tociizumab T a p @
9 . Ml Cis+Tcz o 51 5-
= 40- R
= 30 a UM-SCC-1 UM-SCC-22A UM-SCC-22B
o 20- .
%: a a E
a 10+ UM-PDX-HNSCC-15 UM-PDX-HNSCC-9
< od ~ 12005
=
C E
o 8001
€
= “o- Vehicle
o > 4001 -o- Cisplatin
© o -o- Tocilizumab
-(]:) £ - Cis+Tcz
= 0 T T T + T T T
> 0 5 10 15 0 5 10 15
Days post-treatment start Days post-treatment start
10° F
c . UM-PDX-HNSCC-15 UM-PDX-HNSCC-9
E 10 2000 o =° Vghiclg
S 3 r'é p<0.0001 °® J-e- Cisplatin p=0.0012
0 10 € 1500 ° e _|-o Tocilizumab )
O o P © o5 8 | Cis+Tcz 0®
3 103 0.014 E oo ° o 80 ; °
(2]
8 ) Ty Ty g - 2s "
10 Q2 s ¢
2 - 5 500 3 ’ lll"
4 . 1S LA
e 10 ) o
S 3 = b | T T T T T T
N 3 0 5 10 15
% = Days post-treatment start Days post-treatment start
S °
= 103 3524
G Vehicle Cisplatin Tcz  Cis + Tez
N 40 S EDEBE . - Bmi-1
= E ¢
" 130 kDa | M- —— gp130
K] - e
O o dag ; 80 kDa i 2’3 % . IL6Ra
103 344.9 0.014 Akl ol i N
0 10° 36 kDa GAPDH
ALDH UM-PDX-HNSCC-15

Fig.2 Tocilizumab suppresses Cisplatin-induced stemness in PDX models of HNSCC in vivo. A Schematic drawing depicting study design.
Mice harboring PDX tumors began weekly treatment for 2 weeks (3 doses total), receiving either no treatment, Cisplatin (5 mq\/,kg;, i.p.), and/or
Tocilizumab (10 mg/kg, i.p.). Mice were killed 2 days after last dose. B Bar graphs depicting percentage of CSCs (ALDHS"CD44"9 cells) in PDX
tumors, as measured by flow cytometry. Different lowercase letters indicate statistical significance at p < 0.05. C Representative flow cytometry
charts depicting DEAB/IgG controls (gray) for Aldefluor (ALDH activity) and CD44 expression. One experimental replicate per group is shown
to demonstrate gate-setting strategy. ALDHMI"CD44"9" cells were identified based on these gates. D Bar graphs depicting the percentage
CSCs (ALDHMINCD44M9" ceils) in HNSCC cell lines, as determined by flow cytometry. Bar graphs display mean + SD (n = 3). Different lowercase
letters indicate statistical significance at p < 0.05. E Line graph depicting mean tumor volume over time in the PDX models after treatment
with Cisplatin and/or Tocilizumab. Tumor measurements were taken three times per week until study endpoints. F Simple linear regression
model of mean tumor volumes over the duration of the experiment. G Western blottings of representative PDX tumor tissue lysates from each
treatment group.

To determine whether the anti-stemness effect of Tocilizumab pluripotent stem cell markers as compared to controls (Fig. 3D

was specific to Bmi-1 or also affected other stemness pathways, and Supplementary Fig. S3B), suggesting that this therapeutic
we used a stem cell protein array. Combination therapy with strategy may broadly suppress stemness phenotypes in HNSCC. To
Tocilizumab/Cisplatin  decreased the expression of several verify these results, we analyzed protein expression of Oct4 and
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Nanog via western blotting, as these traditional stem cell markers
have been implied in the maintenance of head and neck CSC
[30, 31]. Interestingly, although IL-6 and Cisplatin both induced
expression of Oct4 and Nanog, Tocilizumab suppressed more
effectively the expression of these two regulators of stemness
when used in combination with Cisplatin than when Tocilizumab
was used alone (Fig. 3E).

To determine whether the change in cancer stem cell fraction
occurs due to a numerator or a denominator effect, we used
immunocytochemistry to evaluate ALDH1 and Bmi-1 expression
on a single-cell basis (Fig. 3F and Supplementary Fig. S3A).
Interestingly, Cisplatin induced an overall shift in ALDH1
fluorescence, with a small subpopulation of cells expressing very
high levels of ALDH1 (Fig. 3G). Cisplatin did not appear to induce
an overall shift in Bmi-1 fluorescence but also sharply increased
its expression in a small proportion of cells (Fig. 3H). Tocilizumab
and the combination therapy resulted in an overall suppression
of ALDH1 and Bmi-1. Overall, these data suggest that IL-6R
signaling regulates HNSCC stemness, and that combination
therapy with Cisplatin and Tocilizumab prevents acquisition of
the stem-like phenotype within HNSCC cells observed upon
single-agent Cisplatin exposure.

Tocilizumab inhibits STAT3 signaling and self-renewal of
HNSCC cells

To evaluate the consequence of Tocilizumab on inhibiting CSC
stemness and self-renewal, we engaged the orosphere assay.
Utilizing the orosphere assay enables functional measurement of
stemness and self-renewal of CSCs in ultra-low attachment (ULA)
conditions [28]. Although primary orospheres serve as a read-out
of cancer cell stemness, serial passaging of these cultures into
secondary orospheres allows assessment of their self-renewal
ability. We also sought to understand Bmi-1 and ALDH expression
patterns within orospheres. It is known that CSC initiate orosphere
formation, and that orospheres express higher levels of ALDH, IL-
6R, and Bmi-1 than cells under standard attachment conditions
[28, 32, 33]. We found that within both small and large spheres,
only a subset of cells expresses high levels of ALDH and Bmi-1.
Interestingly, not all ALDH-expressing cells also express Bmi-1 and
vice versa, which may suggest a self-renewing subpopulation of
CSC (Fig. 4A). These findings mimic the heterogeneity of ALDH
and Bmi-1 expression within a tumor.

Cisplatin treatment increased the number (Fig. 4B) and size
(Fig. 4C) of primary orospheres, as well as enhanced their growth
over time (Supplementary Fig. S4A, B), which is consistent with
Cisplatin-induced increase in the CSC fraction (Fig. 2A, B). In
contrast, treatment with Tocilizumab suppressed orosphere
formation, significantly decreasing both size and number of
orospheres (Fig. 4B, C). The combination therapy had a similar
effect to Tocilizumab alone but was more effective in decreasing
sphere number formed by UM-SCC-1 cells. Tocilizumab alone or in
combination with Cisplatin also suppressed the Cisplatin induction
of the number and size of secondary orospheres (Fig. 4D, E).
Although Cisplatin alone did not further increase the size of
secondary orospheres (Supplementary Fig. S4C), combination
therapy nearly eliminated secondary orosphere formation
(Fig. 4D). Notably, Tocilizumab suppresses the dose-dependent
induction of Bmi-1 by Cisplatin (Supplementary Fig. S4D-F).

To validate our findings of protein expression changes
presented in Fig. 3A, B, we next sought to determine whether
Tocilizumab inhibits STAT3 activation and Bmi-1 expression in the
orospheres. Orosphere protein lysates showed via western blot
analysis that Cisplatin induces STAT3 activation within the spheres,
and that Tocilizumab suppresses this activation even in the
presence of Cisplatin (Fig. 4F). As in Fig. 3A, B, Tocilizumab
decreased the expression of both IL-6 co-receptors. Interestingly,
Cisplatin further induced Bmi-1 expression within orospheres
from UM-SCC-1 cells but did not further increase Bmi-1 within
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UM-SCC-22A and UM-SCC-22B spheres. Tocilizumab fully sup-
pressed Bmi-1 expression in orospheres, even in the presence of
Cisplatin (Fig. 4F). These findings further support IL-6 signaling as a
pivotal regulator of cancer stem cell self-renewal and overcoming
Cisplatin induction of CSC function.

Therapeutic inhibition of IL-6R decreases self-renewal and CSC
fraction in Cisplatin-resistant HNSCC cells

Clinical and laboratory observations suggest a subset of tumor
cells are chemoresistant and acquire a migratory behavior,
ultimately giving rise to the process of evasive resistance [34].
CSC cells are known to be critical mediators of therapeutic evasion
and resistance [6, 7, 12], suggesting that targeted elimination of
this cellular subpopulation is necessary to prevent disease
recurrence. To determine the efficacy of IL-6R inhibition as an
avenue to conquer Cisplatin resistance, we used Cisplatin-resistant
variants of the UM-SCC-1, -22A, and -22B cell lines that were
generated in our lab [16]. These variants were named Cis1, Cis4,
Cis6, Cis12, each being resistant to the corresponding concentra-
tion of Cisplatin (uM). The naive parent cells are here referred to as
Cis0. First, we examined the CSC fraction in the Cisplatin-resistant
variants as compared to the naive parent cells (Fig. 5A and
Supplementary Fig. S5A). The Cisplatin-resistant HNSCC cells
showed a dose-dependent increase in the ALDHM9"CD44"i9"
CSC fraction (Fig. 5A) as compared to the parent cell lines,
likewise activation of STAT3 signaling and expression of
Bmi-1 (Fig. 5B). This observation supports previously published
findings of increases in CSC fraction and stemness markers in
Cisplatin-resistant cells [13, 16]. Next, we evaluated whether IL-6R
inhibition with Tocilizumab could decrease Bmi-1 expression of
Cisplatin-resistant cells. Cells were treated as in previous experi-
ments with either rhIL-6, Cisplatin, and with and without
Tocilizumab. We observed that in all three Cisplatin-resistant
HNSCC cell line sets, as well as each corresponding resistant
variant, Tocilizumab suppressed Bmi-1 expression, even in the
presence of Cisplatin treatment (Fig. 5C). Interestingly, treatment
with Cisplatin further induced expression of Bmi-1 as compared to
untreated cell line variants with lower Cisplatin resistance.
However, Cisplatin did not further enhance Bmi-1 expression in
the Cis12 cell lines, potentially indicating a saturated level of
resistance (Fig. 5C). To address the efficacy of Tocilizumab in the
inhibition of CSC self-renewal, the orosphere assay was employed
(Fig. 5D and Supplementary Fig. S6A). Cisplatin increased oro-
sphere formation in naive HNSCC cells. In the Cisplatin-resistant
variants, Cisplatin treatment either increased or did not further
induce sphere-forming ability. However, Tocilizumab reduced the
number and size of orospheres in all cell lines, both alone and in
combination with Cisplatin (Fig. 5E and Supplementary Fig. S6B).
Of note, the combination therapy was found to have a synergistic
effect on decreasing sphere formation in essentially all cell lines
evaluated here, including the Cisplatin-resistant cells (Supplemen-
tary Fig. S6CQ).

Tocilizumab suppresses growth and Bmi-1 expression of
Cisplatin-resistant xenografts
To examine whether in vitro findings translate into in vivo results,
we seeded UM-SCC-22B-naive and UM-SCC-22BCis6-resistant cells
in biodegradable scaffolds embedded in SCID mice. We chose the
UM-SCC-22BCis6 variant, because these cells had the highest level
of Cisplatin resistance, while not exhibiting inhibition of cell
proliferation (data not shown). When tumors reached an average
of 250 mm? (Supplementary Fig. 57G), we began weekly treatment
with Cisplatin and/or Tocilizumab for up to 8 weeks (Fig. 6A).
Histological analyses suggested that UM-SCC-22BCis6-resistant
tumors were histologically less differentiated and more vascular-
ized, when compared to UM-SCC-22B-naive tumors (Fig. 6B).
Treatment with Tocilizumab with or without Cisplatin slowed
down tumor growth in both UM-SCC-22B and UM-SCC-22BCis6
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Fig. 3

IL-6R blockade with Tocilizumab suppresses Cisplatin-induced stemness in vitro. A Western blot analyses of Bmi-1, IL-6R, gp130,

pSTAT3, and STAT3 in UM-SCC-1, UM-SCC-22A, and UM-SCC-22B cells treated with vehicle, rhiL-6 (20 ng/ml), Cisplatin (1 pM), and/or
Tocilizumab (0.1 pM). B Western blot analysis of UM-SCC-1, UM-SCC-22A, and UM-SCC-22B cells treated with rhIL-6 (20 ng/ml) combined with
vehicle, Cisplatin (1 pM), and/or Tocilizumab (0.1 uM) for 24 h, followed by additional rhiL-6 (20 ng/ml) for 24 h. C Western blottings to evaluate
the effect of 1 uM Cisplatin and/or 0.1 pM Tocilizumab on UM-SCC-22A cells sorted for ALDH/CD44. D Stem cell marker protein array analysis
of UM-SCC-1, UM-SCC-22A, and UM-SCC-22B cells treated with Cisplatin (1 uM) and Tocilizumab (0.1 uM), as compared to vehicle controls.
E Western blot analysis of stem cell markers (Oct4 and Nanog) in UM-SCC-1 and UM-SCC-22B cells treated with rhIL-6 (20 ng/ml), Cisplatin
(1 uM), and/or Tocilizumab (0.1 uM). F Representative images of immunofluorescence staining (Bmi-1 and ALDH1) of UM-SCC-22A cells plated
in chamber slides and treated with Cisplatin (0-1 uM) and/or Tocilizumab (0-0.1 uM). G Graph quantifying mean cellular fluorescence of
ALDH1 expression normalized to DAPI in UM-SCC-22A cells treated with Cisplatin (1 um) and/or Tocilizumab (0.1 pM). H Graph quantifying
mean cellular fluorescence of Bmi-1 normalized to DAPI stain in UM-SCC-22A cells treated with Cisplatin (1 uM) and/or Tocilizumab (0.1 uM).

xenograft tumors (Fig. 6C, D) and extended time to tumor volume
doubling (Fig. 6E). In the resistant tumor model, Cisplatin was less
effective in inhibiting tumor growth (Fig. 6C, D). In UM-SCC-22B-
naive tumors, Cisplatin suppressed tumor growth more potently
during earlier doses and was later observed to lose efficacy in
inhibiting tumor growth. The combination therapy approach was
most effective in both xenograft models. Western blotting
analyses of tumor tissue lysates showed that Cisplatin induced
Bmi-1 expression in UM-SCC-22B-naive tumors (Fig. 6F). After
treatment with Tocilizumab, both STAT3 and Bmi-1 expression
were inhibited in UM-SCC-22B tumors (Fig. 6G and Supplementary
Fig. S7A-F). These data support our findings from our experiments
using PDX models shown above (Fig. 2F). Notably, Tocilizumab
also inhibited Bmi-1 expression in the Cis6-resistant variants, with
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or without concurrent Cisplatin treatment (Fig. 6H). However,
Tocilizumab did not affect total STAT3 expression in these tumors.
These data showed that therapeutic IL-6R inhibition with
Tocilizumab might be an effective strategy to inhibit self-
renewal and overcome Cisplatin resistance in HNSCC.

DISCUSSION

Platinum-based chemotherapy constitute core components within
the treatment standard for advanced HNSCC. However, the high
recurrence rate and poor overall survival demand the develop-
ment of a more effective therapeutic strategy. Evidence indicates
that although tumors are effectively debulked by conventional
therapies, the distinctively resistant cancer stem cells are not

Cell Death and Disease (2021)12:988
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Fig. 4 Tocilizumab prevents Cisplatin-induced self-renewal of cells in orospheres. A Representative images of immunofluorescence
staining of untreated, cryosectioned orospheres after 8 days in suspension culture. Example images of both a large (left) and small (right)
orosphere are shown. B Bar graphs depicting the mean number + SD of primary orospheres per well (n =6 per treatment group). Different
lowercase letters indicate statistical significance at p < 0.05. C Representative images (x40) of primary orospheres 8 days after treatment with
Cisplatin (1 um) and/or Tocilizumab (0.1 ym). Cells were treated the day after seeding in ultra-low attachment plates. Inserts at x100
magnification. D Bar graphs depicting the mean number +SD of secondary orospheres per well (n=6 per treatment group). Different
lowercase letters indicate statistical significance at p < 0.05. E Representative images (x40) of secondary orospheres on day 8 after treatment
with Cisplatin (1 pM) and/or Tocilizumab (0.1 pM). Cells were treated the day after seeding in ultra-low attachment plates. Inserts at X100
magnification. F Western blottings showing protein levels Bmi-1, IL-6R, gp130, pSTAT3, and STAT3 in lysates prepared from primary orospheres
on day 8 after treatment with Cisplatin (1 uM) and/or Tocilizumab (0.1 uM).

eradicated. In fact, platinum-based agents and cytotoxic che- platinum-based chemotherapy and provide better treatment
motherapies have been demonstrated to increase the CSC fraction outcomes. Our lab has extensively described the role of
in tumors [13, 14, 35]. However, using only a CSC-targeted endothelial cell-secreted IL-6 inside the perivascular niche in
approach as a novel treatment strategy would result in remnant supporting the maintenance of the CSC pool and their invasive
bulk tumor cells with residual growth potential. In an attempt to properties [24, 25]. Our results further our previous observa-
achieve optimal therapeutic outcomes, the CSC hypothesis tions that IL-6 augments Cisplatin-induced cancer cell stem-
explains that a combination therapy approach is required to ness, implicating Cisplatin and IL-6R signaling as mediators of
target both CSC and bulk tumor cells, which could effectively phenotypic changes in HNSCC tumors that result in enhanced
prevent disease progression. Our data illustrate this effect in that stemness [16]. Here we showcase a pioneering potential
Tocilizumab alone successfully decreases self-renewal within therapeutic strategy to suppress these adverse effects of
tumors, but is not as potent in reducing tumor growth as in Cisplatin treatment, which result in an increase in CSC. We have
combination with Cisplatin. shown here that IL-6R inhibition using Tocilizumab can

Targeting signaling conduits that compose critical roles in resolutely overcome CSC induction by Cisplatin and suppress
the maintenance of CSC might sensitize them to standard the growth of Cisplatin-resistant tumors.

Cell Death and Disease (2021)12:988 SPRINGER NATURE
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Fig. 5 Tocilizumab decreases the CSC fraction and the self-renewal of Cisplatin-resistant HNSCC cells. A Bar graphs depicting the CSC
fraction (ALDHM9"CD44"9" cells) in Cisplatin-naive and Cisplatin-resistant variants of UM-SCC-1, UM-SCC-22A, and UM-SCC-22B cells, as
determined by flow cytometry. Graphs display mean + SD (n = 3) and significance denoted by different lowercase letters at p < 0.05. B Western
blottings showing baseline expression of phosphorylated STAT3, total STAT3, and Bmi-1 expression in Cisplatin-naive and Cisplatin-resistant
HNSCC cell line variants. C Western blot analysis of Bmi-1 expression after treatment with rhIL-6 (20 ng/ml), Cisplatin (1 um), and/or
Tocilizumab (0.1 uM). D Representative images (x40) of Cisplatin-naive and Cisplatin-resistant UM-SCC-1 primary orospheres on day 8 after
treatment with Cisplatin (1 pM) and/or Tocilizumab (0.1 pM). Cells were treated the day after seeding in ultra-low attachment plates. Inserts at
%100 magnification. E Bar graphs depicting number (mean + SD) of primary orospheres per well, from three wells per experimental condition.

Different lowercase letters indicate statistical significance at p < 0.05.

Further, we showed that both genetic and pharmacologic
inhibition of IL-6R signaling could suppress Cisplatin-mediated
induction of the CSC fraction, Bmi-1 expression, and self-renewal
of HNSCC cells. Interestingly, we observed that IL-6R inhibition
with Tocilizumab decreases the expression of IL-6R and down-
stream STAT3 signaling, which has recently also been shown in
another study in triple-negative breast cancer cells [36]. This might
be explained by either internalization of the receptor via
endocytosis and subsequent degradation, or by its shedding to
increase levels of soluble IL-6R [37]. We have also made the rather
surprising observation that Tocilizumab inhibits gp130 expression,
even in the presence of Cisplatin. Collectively, our data suggest
that IL-6R signaling plays an essential role in resistance to
Cisplatin, which is frequently observed in patients with HNSCC.
This observation, together with the fact that developing and
obtaining FDA approval for a new drug proves highly difficult and

SPRINGER NATURE

costly, unveils the re-purposing of Tocilizumab as a highly
attractive adjunct therapy with Cisplatin in a novel treatment
strategy for HNSCC.

We observed here that combination therapy with Tocilizumab
and Cisplatin is effective in inhibiting cancer stemness and tumor
growth. It is well known that Cisplatin targets actively dividing,
rapidly proliferating cells and triggers apoptosis. CSC resistance to
conventional chemotherapeutics might be explicated by the fact
that these cells are slow cycling. It is also known that Cisplatin
does not kill CSCs, promotes CSC self-renewal (Bmi-1 induction),
and that Cisplatin-resistant cells express elevated levels of
stemness markers [13, 16]. These observations suggest that
Cisplatin-mediated increase in CSC fraction results from prefer-
ential eradication of non-CSC, while simultaneously promoting
CSC accumulation through self-renewal. The combined effect of
Cisplatin and Tocilizumab observed in many of our data sets

Cell Death and Disease (2021)12:988
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perhaps could be explained similarly. Although Tocilizumab
inhibits cancer stemness, Cisplatin targets primarily rapidly
proliferative bulk tumor cells but does not kill CSCs. As such, we
propose here that the combination of both therapies is effective at
ablating CSCs, while inhibiting tumor growth. Indeed, we
observed that IL-6R inhibition with Tocilizumab can potently
suppress Cisplatin-mediated induction of Bmi-1 expression and

Cell Death and Disease (2021)12:988

Cisplatin-mediated increase in CSC fraction. Interestingly, others
have shown that Bmi-1" cells represent a subset of CSCs that
might be responsible for therapeutic resistance and tumor
recurrence [18]. These observations underline the importance of
elucidating the signaling mechanisms governing CSC self-renewal
and stemness, and provide a potential mechanism by which
CSC can be re-programmed and re-sensitized to conventional
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chemotherapies. Further investigation of mechanisms mediating
this shift in the CSC fraction may explore the role of IL-6R signaling
in CSC plasticity, as well as CSC symmetric vs. asymmetric cell
division fates.

Bmi-1 is a principal controller of stem cell self-renewal [38-41].
IL-6/STAT3 signaling has been revealed to choreograph epithelial-
mesenchymal transition through activation of Bmi-1, a process
known to confer tumors with self-renewal and migratory abilities
[42, 43]. Bmi-1 is uniquely expressed in head and neck CSC (as
opposed to bulk tumor cells), and we showed that this effect is
enhanced by IL-6 signaling [24]. It has been recently shown that
direct inhibition of Bmi-1 abrogates CSC function and sensitizes
cells to Cisplatin therapy in HNSCC [18]. Here we present data in
support of the function of the IL-6R pathway in the modulation of
Bmi-1 expression in HNSCC. Through both genetic and pharma-
cologic approaches, we demonstrated a compelling link between
IL-6R signaling and Bmi-1 expression. The clinical importance of
Bmi-1 in HNSCC was demonstrated through retrospective analysis
of 216 patient samples that displayed a correlation among Bmi-1
levels and clinical outcomes. Interestingly, we found that Bmi-1
expression significantly correlated with recurrence-free patient
survival time, which can be clarified by the CSC hypothesis.
Although the small CSC fraction within a tumor may not
noticeably contribute to overall tumor growth, it is resistant to
radiation and conventional chemotherapy, and promotes tumor
recurrence. Using Bmi-1 as a putative prognostic marker may
enable risk assessment for recurrence in patients with HNSCC.

Collectively, these data provide preclinical evidence for an
innovative mechanism-based treatment strategy that is based on
targeted ablation of CSC with Tocilizumab in combination with
Cisplatin to debulk the tumor. This new combination therapy has
the potential to improve the survival and standard of health for
HNSCC patients.

MATERIALS AND METHODS

Cisplatin-resistant cell lines and cell culture

Human HNSCC cell lines UM-SCC-1, UM-SCC-22A, and UM-SCC-22B
(from T. Carey, University of Michigan) cultured in Dulbecco’s modified
Eagle medium (Invitrogen, Carlsbad, CA, USA) with 10% fetal bovine
serum (Atlanta Biologicals, Flowery Branch, GA, USA), 1% L-Glutamine
(Sigma, Burlington, MA, USA), and 1% Antibiotic-Antimycotic solution
(Sigma). The cell lines’ origin, confirmation of identity, and authentica-
tion by short tandem repeat profiling are described elsewhere [44] and
tested negative for mycoplasma (Mycoplasma Detection Kit, Invitro-
gen). Cisplatin-resistant cell line variants were produced from UM-SCC-
1, UM-SCC-22A, and UM-SCC-22B cells, as described previously [16, 45].
Four Cisplatin-resistant variants were generated for each parent cell
line, e.g.: UM-SCC-1Cis1 (UM-SCC-1 resistant to 1 uM Cisplatin), UM-
SCC-1Cis4 (UM-SCC-1 resistant to 4 uM Cisplatin), UM-SCC-1Cis6 (UM-
SCC-1 resistant to 6 uM Cisplatin), and UM-SCC-1Cis12 (UM-SCC-1
resistant to 12 uM Cisplatin). Cisplatin (Sigma) treatment was removed
from the passage before the experiments were performed, waiting at
least 2 days until cells were utilized for experiments.

HNSCC PDX mouse model

HNSCC tumor fragments were implanted into the dorsal subcutaneous
space of immunodeficient adult male mice (CB17 SCID, Charles River,
Wilmington, MA, USA), as previously described and characterized [29].
Once tumors grew to an average volume of 450 mm?, mice were randomly
assigned to treatment groups (n = 5-8): 5 mg/kg Cisplatin (Sigma), 10 mg/
kg Tocilizumab (Genentech); 10 mg/kg Tocilizumab + 5 mg/kg Cisplatin, or
no treatment. Treatment was administered weekly intraperitoneally for
2 weeks. Mice were killed and tumors retrieved 2 days after the end of
treatment. Tumor measurements were taken two to three times per week
and volumes were calculated via the equation V=length x width?/2.
Notably, PDX tumors of in vivo passage five or below were used in this
manuscript. All procedures and treatments were conducted under
protocols reviewed and approved by the University of Michigan UCUCA
(PRO00009324).
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HNSCC subcutaneous scaffold xenograft mouse model

HNSCC subcutaneous xenograft tumors were generated as previously
described [46] without the inclusion of HDMEC (Lonza, Walkersville, MD,
USA) cells. Briefly, 1 x 10° tumor cells (UM-SCC-22B and UM-SCC-22BCis6)
were seeded with a cell growth media and Matrigel (Corning, Corning, NY,
USA) mixture in poly-(1)-lactic acid (Sigma) biodegradable scaffoldings and
subsequently implanted into the dorsal subcutaneous space of SCID mice
(CB17, Charles River). For long-term treatments, mice were randomly
assigned to treatment groups and dosages as described above once
tumors reached an average volume of 250 mm3 (n =6).

Flow cytometry

Tumors were resected from mice, dissociated by collagenase and
hyaluronidase (StemCell Technologies, Vancouver, BC, Canada), incubated
in ACK red blood cell lysis buffer (Invitrogen), and filtered through a sterile
40 um cell strainer. ALDH enzymatic activity was stained using Aldefluor Kit
(StemCell Technologies) or AldeRed ALDH Detection Assay (Millipore-
Sigma, Burlington, MA, USA). Briefly, 1x 10° cells were incubated with
activated ALDH substrate or the equivalent volume of ALDH inhibitor
diethyl aminobenzaldehyde (DEAB). DEAB controls were included for all
treatment conditions. Cells were rinsed with PBS and stained for CD44 with
either CD44-PE or CD44-APC (R&D Systems, Minneapolis, MN, USA) for
15min at 4°C. Human cells were identified by anti-HLA-ABC (PE; BD
Pharmingen, NJ, USA). Viable cells were stained with DAPI (Molecular
Probes, Eugene, OR, USA). For cell sorting, ALDH"I"CD44Mo" CsC
population was sorted against the remaining bulk tumor cells (i.e.,
ALDHMINCD44'o%, ALDH'"CD44"9", and ALDH'°"CD44"°%). All flow cyto-
metry analyses were conducted in a BD LSRFortessa flow cytometer (BD
Biosciences). Results were analyzed with FlowJo software (LLC; Ashland,
OR, USA) in triplicate wells per condition.

Orosphere assay

HNSCC cells were grown in ULA culture ware (Corning) as previously
described [28]. Twelve thousand cells/well were passed through a single-
cell strainer and were seeded in six-well ULA plates. Twenty-four hours
later, cells were treated with 1pM Cisplatin (Sigma) and/or 0.1 pM
Tocilizumab (Genentech). Primary orospheres were cultured by gradually
adding media over time, while maintaining the drug concentration
constant. Orospheres were dissociated on day 10 with Accutase (StemCell
Technologies), passed through a sterile single-cell strainer, and re-plated at
the same cell density to generate secondary orospheres. Secondary
orospheres were not further treated and again cultured for 10 days.
Orospheres were stated as non-adherent spheres containing =25 cells, as
observed at high power magnification (X100 to x200). Results are
representative of that at minimum two independent experiments, all
performed in triplicate experimental conditions. Coefficient of drug
interaction (CDI) was calculated to analyze the effect of the combination
therapy, as follows: CDI=AB/(AxB). AB represents the ratio of the
combination therapy to control, whereas A or B represent the ratio of the
individual treatments to control. CDI< 1 specifies synergism (for CDI<
0.7 significantly synergistic effect), CDI = 1 specifies an additive effect, and
CDI > 1 specifies antagonism.

Pluripotent stem cell array

The proteome profiler human pluripotent stem cell array kit (R&D Systems)
was used to evaluate expression of stem cell markers, according to the
manufacturer’s instructions. Briefly, UM-SCC-1, UM-SCC-22A, or UM-SCC-
22B cells were plated, serum-starved overnight, and treated with 0-1 pM
Cisplatin (Sigma) and/or 0-0.1 uM Tocilizumab (Genentech) for 24h.
Lysates were extracted and incubated with the antibody-spotted array
following the manufacturer’s instructions. Biotinylated detection antibo-
dies and streptavidin-horseradish peroxidase reagents enabled subse-
quent signal detection by chemiluminescence. The stem cell array was
exposed on film and relative integrated densities of each dot were
quantified using ImageJ software (NIH, Bethesda, MA, USA).

Statistical analysis

Statistical analysis was achieved using GraphPad Prism (GraphPad, San
Diego, CA, USA). One-way analysis of variance followed by appropriate post
hoc tests (Tukey’s test) was used to analyze comparisons between two or
more groups. Two-tailed Student’s t-test followed by appropriate post hoc
tests (Mann-Whitney U-test) was used to compare two groups.
Kaplan-Meier graphs were evaluated using the Gehan Breslow-Wilcoxon

Cell Death and Disease (2021)12:988



test. Statistical significance was defined at p<0.05 throughout the
manuscript. Intensity scores for individual TMA cores were determined
and averaged within patients across multiple cores by senior oral
pathologists blinded to patient information. Comparisons between levels
of a clinical factor were tested for significance by nonparametric
Kruskal-Wallis test. Univariate and multivariable Cox regression models
(adjusted for age, clinical stage, disease site, comorbidities, HPV status, and
smoking) tested association with overall patient survival and recurrence-free
time. For an illustration of adjusted analysis, adjusted survivor functions for
intensity tertiles were plotted from the multivariable model. Statistical
analysis of TMA data was performed in SAS v9.4. Sample sizes for in vitro
and in vivo studies were determined by power calculations using data
published in previous publications (or pilot tests) as reference. The variance
between groups was relatively similar in the studies included here.

DATA AVAILABILITY
The data sets used and/or analyzed during the current study are available from the
corresponding authors on reasonable request.

REFERENCES

1. Siegel R, Ma J, Zou Z, Jemal A. Cancer statistics. C A Cancer J Clin. 2014;64:9-29.

2. Vermorken JB, Mesia R, Rivera F, Remenar E, Kawecki A, Rottey S, et al. Platinum-
based chemotherapy plus cetuximab in head and neck cancer. N. Engl J Med.
2008;359:1116-27.

3. Seiwert TY, Salama JK, Vokes EE. The chemoradiation paradigm in head and neck
cancer. Nat Clin Pract Oncol. 2007;4:156-71.

4, Carvalho AL, Nishimoto IN, Califano JA, Kowalski LP. Trends in incidence and
prognosis for head and neck cancer in the United States: a site-specific analysis of
the SEER database. Int J Cancer. 2005;114:806-16.

5. Koneva LA, Zhang Y, Virani S, Hall PB, McHugh JB, Chepeha DB, et al. HPV
integration in HNSCC correlates with survival outcomes, immune response sig-
natures, and candidate drivers. Mol Cancer Res. 2018;16:90-102.

6. Reya T, Morrison SJ, Clarke MF, Weissman IL. Stem cells, cancer, and cancer stem
cells. Nature. 2001;414:105-11.

7. Prince ME, Sivanandan R, Kaczorowski A, Wolf GT, Kaplan MJ, Dalerba P, et al.
Identification of a subpopulation of cells with cancer stem cell properties in head
and neck squamous cell carcinoma. Proc Natl Acad Sci USA. 2007;104:973-8.

8. Chen YC, Chen YW, Hsu HS, Tseng LM, Huang PI, Lu KH, et al. Aldehyde dehy-
drogenase 1 is a putative marker for cancer stem cells in head and neck squa-
mous cancer. Biochem Biophys Res Commun. 2009;385:307-13.

9. Clay MR, Tabor M, Owen JH, Carey TE, Bradford CR, Wolf GT, et al. Single-marker
identification of head and neck squamous cell carcinoma cancer stem cells with
aldehyde dehydrogenase. Head Neck. 2010;32:1195-201.

10. Krishnamurthy S, Dong Z, Vodopyanov D, Imai A, Helman JI, Prince ME, et al.
Endothelial cell-initiated signaling promotes the survival and self-renewal of
cancer stem cells. Cancer Res. 2010;70:9969-78.

11. Krishnamurthy S, Nér JE. Head and neck cancer stem cells. J Dent Res.
2012;91:334-40.

12. Chinn SB, Darr OA, Owen JH, Bellile E, McHugh JB, Spector ME, et al. Cancer stem
cells: mediators of tumorigenesis and metastasis in head and neck squamous cell
carcinoma. Head Neck. 2015;37:317-26.

13. Tsai LL, Yu CC, Chang YC, Yu CH, Chou MY. Markedly increased Oct4 and Nanog
expression correlates with cisplatin resistance in oral squamous cell carcinoma. J
Oral Pathol Med. 2011;40:621-8.

14. Goldman A, Majumder B, Dhawan A, Ravi S, Goldman D, Kohandel M, et al.
Temporally sequenced anticancer drugs overcome adaptive resistance by tar-
geting a vulnerable chemotherapy-induced phenotypic transition. Nat Commun.
2015;6:6139.

15. Davis SJ, Divi V, Owen JH, Bradford CR, Carey TE, Papagerakis S, et al. Metastatic
potential of cancer stem cells in head and neck squamous cell carcinoma. Arch
Otolaryngol Head Neck Surg. 2010;136:1260-6.

16. Nor C, Zhang Z, Warner KA, Bernardi L, Visioli F, Helman J, et al. Cisplatin induces
Bmi-1 and enhances the stem cell fraction in head and neck cancer. Neoplasia.
2014;16:137-46.

17. Islam F, Gopalan V, Smith RA, Lam AK. Translational potential of cancer stem cells:
a review of the detection of cancer stem cells and their roles in cancer recurrence
and cancer treatment. Exp Cell Res. 2015;335:135-47.

18. Chen D, Wu M, Li Y, Chang |, Yuan Q, Ekimyan-Salvo M, et al. Targeting BMI1"
cancer stem cells overcomes chemoresistance and inhibits metastases in squa-
mous cell carcinoma. Cell Stem Cell. 2017;20:621-34.

19. Ning N, Pan Q, Zheng F, Teitz-Tennenbaum S, Egenti M, Li M, et al. Cancer stem cell
vaccination confers significant antitumor immunity. Cancer Res. 2012;72:1853-64.

Cell Death and Disease (2021)12:988

A.E. Herzog et al.

20. Lu L, Tao H, Chang AE, Hu Y, Shu G, Chen Q, et al. Cancer stem cell vaccine
inhibits metastases of primary tumors and induces humoral immune responses
against cancer stem cells. Oncoimmunology. 2015;4:€990767.

21. Kaur K, Cook J, Park SH, Topchyan P, Kozlowska A, Ohanian N, et al. Novel
strategy to expand super-charged NK cells with significant potential to lyse and
differentiate cancer stem cells: differences in NK expansion and function
between healthy and cancer patients. Front Immun. 2017;8:297.

22. Eyler CE, Rich JN. Survival of the fittest: cancer stem cells in therapeutic resistance
and angiogenesis. J Clin Oncol. 2008;26:2839-45.

23. Gilbert LA, Hemann MT. DNA damage-mediated induction of a chemoresistant
niche. Cell. 2010;143:355-66.

24. Krishnamurthy S, Warner KA, Dong Z, Imai A, Nor C, Ward BB, et al. Endothelial
interleukin-6 defines the tumorigenic potential of primary human cancer stem
cells. Stem Cells. 2014;32:2845-57.

25. Kim HS, Chen YC, Nor F, Warner KA, Andrews A, Wagner VP, et al. Endothelial-
derived interleukin-6 induces cancer stem cell motility by generating a chemo-
tactic gradient towards blood vessels. Oncotarget. 2017;8:100339-52.

26. McDermott SC, Rodriguez-Ramirez C, McDermott SP, Wicha MS, Nor JE. FGFR
signaling regulates resistance of head and neck cancer stem cells to Cisplatin.
Oncotarget. 2018;9:25148-65.

27. Duffy SA, Taylor JM, Terrell JE, Islam M, Li Y, Fowler KE, et al. Interleukin-6 predicts
recurrence and survival among head and neck cancer patients. Cancer.
2008;113:750-7.

28. Krishnamurthy S, Nor JE. Orosphere assay: a method for propagation of head and
neck cancer stem cells. Head Neck. 2013;35:1015-21.

29. Pearson AT, Finkel KA, Warner KA, Nor F, Tice D, Martins MD, et al. Patient-derived
xenograft (PDX) tumors increase growth rate with time. Oncotarget.
2016;7:7993-8005.

30. Koo BS, Lee SH, Kim JM, Huang S, Kim SH, Rho YS, et al. Oct4 is a critical regulator
of stemness in head and neck squamous carcinoma cells. Oncogene.
2015;34:2317-24.

31. Mitsui K, Tokuzawa Y, Itoh H, Segawa K, Murakami M, Takahashi K, et al. The
homeoprotein Nanog is required for maintenance of pluripotency in mouse
epiblast and E.S. cells. Cell. 2003;113:631-42.

32. Xu R, Chen L, Yang WTT. Aberrantly elevated Bmil promotes cervical cancer
tumorigenicity and tumor sphere formation via enhanced transcriptional reg-
ulation of Sox2 genes. Oncol Rep. 2019;42:688-96.

33. Chen YC, Ingram PN, Fouladdel S, McDermott SP, Azizi E, Wicha MS, et al. High-
throughput single-cell derived sphere formation for cancer stem-like cell iden-
tification and analysis. Sci Rep. 2016;6:27301.

34. Bergers G, Hanahan D. Modes of resistance to anti-angiogenic therapy. Nat Rev
Cancer. 2008;8:592-603.

35. Sharma SV, Lee DY, Li B, Quinlan MP, Takahashi F, Maheswaran S, et al. A
chromatin-mediated reversible drug-tolerant state in cancer cell subpopulations.
Cell. 2010;141:69-80.

36. Alraouji NN, Al-Mohanna FH, Ghebeh H, Arafah M, Almeer R, Al-Tweigeri T, et al.
Tocilizumab potentiates cisplatin cytotoxicity and targets cancer stem cells in
triple-negative breast cancer. Mol Carcinog. 2020;59:1041-51.

37. Millberg J, Dittrich E, Graeve L, Gerhartz C, Yasukawa K, Taga T, et al. Differential
shedding of the two subunits of the interleukin-6 receptor. FEBS Lett. 1993;332:174-8.

38. Molofsky AV, Pardal R, Iwashita T, Park IK, Clarke MF, Morrison SJ. Bmi-1
dependence distinguishes neural stem cell self-renewal from progenitor pro-
liferation. Nature. 2003;425:962-7.

39. Park IK, Qian D, Kiel M, Becker MW, Pihalja M, Weissman IL, et al. Bmi-1 is required
for maintenance of adult self-renewing haematopoietic stem cells. Nature.
2003;423:302-5.

40. Jacobs JJ, Kieboom K, Marino S, DePinho RA, van Lohuizen M. The oncogene and
Polycomb-group gene bmi-1 regulates cell proliferation and senescence through
the ink4a locus. Nature. 1999;397:164-8.

41. Molofsky AV, He S, Bydon M, Morrison SJ, Pardal R. Bmi-1 promotes neural stem
cell self-renewal and neural development but not mouse growth and survival by
repressing the pl6ink4a and p19Arf senescence pathways. Genes Dev.
2005;19:1432-7.

42. Sullivan NJ, Sasser AK, Axel AE, Vesuna F, Raman V, Ramirez N, et al. Interleukin-6
induces an epithelial-mesenchymal transition phenotype in human breast cancer
cells. Oncogene. 2009;28:2940-7.

43. Cheng GZ, Zhang WZ, Sun M, Wang Q, Coppola D, Mansour M, et al. Twist is
transcriptionally induced by activation of STAT3 and mediates STAT3 oncogenic
function. J Biol Chem. 2008;283:14665-73.

44. Chad BJ, Graham MP, Kumar B, Saunders LM, Kupfer R, Lyons RH, et al. Geno-
typing of 73 UM-SCC head and neck squamous cell carcinoma cell lines. Head
Neck. 2010;32:417-26.

45. Negoro K, Yamano Y, Fushimi K, Saito K, Nakatani K, Shiiba M, et al. Establishment
and characterization of a cisplatin-resistant cell line, KB-R, derived from oral
carcinoma cell line, K.B. Int J Oncol. 2007;30:1325-32.

SPRINGER NATURE

11



A.E. Herzog et al.

12

46. Nor JE, Peters MC, Christensen JB, Sutorik MM, Linn S, Khan MK, et al. Engineering
and characterization of functional human microvessels in immunodeficient mice.
Lab Invest. 2007;81:453-63.

ACKNOWLEDGEMENTS

We thank Dr. Thomas Carey (University of Michigan) for generously providing us with
the UM-SCC-1, UM-SCC-22A, and UM-SCC-22B cell lines. We express our gratitude to
the patients who donated tumor specimens to create the patient-derived xenograft
(PDX) models and cell lines required for this research. We thank the surgeons and
support staff from the University of Michigan Head and Neck SPORE, who enabled
the tumor specimen collection used for the construction of the TMA used here.
We thank the University of Michigan Flow Cytometry and Histology cores for their
aid with experimental design, protocol troubleshooting, and data handling. All
schematic diagrams were created with BioRender.com.

AUTHOR CONTRIBUTIONS

A.EH. and J.EN. performed study concept and design. AEH. KAW. Z.Z. and JEN.
performed development of methodology. A.E.H., M.A.B.,, RM.C. and P.J.P. performed
data acquisition. AEH., KAW., ZZ, EB., RM.C, PJ.P, ATP. and JEN. performed
analysis and interpretation of data. AEH., KAW, ZZ, EB, RM.C, PJP, ATP. and
JEN. participated in the writing, review, and/or revision of manuscript. JEN.
supervised the study. All authors read and approved the final paper.

FUNDING
This work was funded by NIH F30-DE029097 (AEH), P50-CA097248 (GTW), K08-
DE026500 (ATP), and RO1-DE21139, RO1-DE23220 (JEN).

COMPETING INTERESTS

The authors declare no competing interests.

SPRINGER NATURE

ETHICS APPROVAL AND CONSENT TO PARTICIPATE
Animal studies were performed in accordance with protocol reviewed and approved
by the University of Michigan UCUCA.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541419-021-04268-5.

Correspondence and requests for materials should be addressed to Alexander T.
Pearson or Jacques E. Nor.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2021

Cell Death and Disease (2021)12:988


https://doi.org/10.1038/s41419-021-04268-5
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	The IL-6R and Bmi-1 axis controls self-renewal and chemoresistance of head and neck cancer stem cells
	Introduction
	Results
	IL-6/Bmi-1�signaling axis regulates cancer cell self-renewal and correlates with recurrence-free survival of HNSCC patients
	Therapeutic inhibition of IL-6R abrogates Cisplatin-induced cancer stemness in�vivo
	Tocilizumab suppresses Cisplatin induction of CSC-associated signaling pathways
	Tocilizumab inhibits STAT3�signaling and self-renewal of HNSCC cells
	Therapeutic inhibition of IL-6R decreases self-renewal and CSC fraction in Cisplatin-resistant HNSCC cells
	Tocilizumab suppresses growth and Bmi-1 expression of Cisplatin-resistant xenografts

	Discussion
	Materials and methods
	Cisplatin-resistant cell lines and cell culture
	HNSCC PDX mouse model
	HNSCC subcutaneous scaffold xenograft mouse model
	Flow cytometry
	Orosphere assay
	Pluripotent stem cell array
	Statistical analysis

	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Ethics approval and consent to participate
	ADDITIONAL INFORMATION




