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ARTICLE INFO ABSTRACT

Keywords: Objectives: Matching treatment intensity to tumor biology is critical to precision oncology for head and neck
Oral cavity cancer squamous cell carcinoma (HNSCC) patients. We sought to identify biological features of tumor cell multi-
Multinucleation

nucleation, previously shown by us to correlate with survival in oropharyngeal (OP) SCC using a machine
learning approach.

Materials and methods: Hematoxylin and eosin images from an institutional OPSCC cohort formed the training set
(Dr+). TCGA HNSCC patients (oral cavity, oropharynx and larynx/hypopharynx) formed the validation set (Dy).
Deep learning models were trained in Dy, to calculate a multinucleation index (MuNI) score. Gene set enrichment
analysis (GSEA) was then used to explore correlations between MuNI and tumor biology.

Results: MuNI correlated with overall survival. A multivariable nomogram that included MuNI, age, race, sex, T/
N stage, and smoking status yielded a C-index of 0.65, and MuNI was prognostic of overall survival (2.25,
1.07-4.71, 0.03), independent of the other variables. High MuNI scores correlated with depletion of effector
immunocyte subsets across all HNSCC sites independent of HPV and TP53 mutational status although the cor-
relations were strongest in wild-type TP53 tumors potentially due to aberrant mitotic events and activation of
DNA-repair mechanisms.

Conclusion: MuNI is associated with survival in HNSCC across subsites. This may be driven by an association
between high levels of multinucleation and a suppressive (potentially exhausted) tumor immune microenvi-
ronment. Mechanistic studies examining the link between multinucleation and tumor immunity will be required
to characterize biological drivers of multinucleation and their impact on treatment response and outcomes.
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Introduction

Head and neck squamous cell carcinoma (HNSCC) is often refractory
to conventional treatment, and recurrent HNSCC is nearly uniformly
fatal [1-3]. Although survival for patients with human papillomavirus
(HPV) - associated HNSCC is excellent, for patients with HPV-
independent disease, it has not improved in 3 decades [3-5]. The
dichotomization between “low-risk” HNSCC with good treatment
response and survival and “high-risk” HNSCC with limited response and
high disease specific mortality generates an urgent need for better risk
stratification algorithms that can match treatment intensity to disease
biology. To be useful, the tests or mechanisms for better risk stratifica-
tion must be easy to apply and widely available.

Tumor cell multinucleation (high power field with 3 tumor cells with
3 or more nuclei in the same cell) is detectable in HNSCC specimens in
concert with tumor cell anaplasia (high power field with 3 or more
tumor cells with a nuclear diameter > the diameter of five resting
lymphocyte nuclei) [6]. Multinucleation is strongly correlated with
reduced survival in multiple solid tumors including SCC of the
oropharynx site (OPSCC), both in the setting of HPV-associated and
HPV-independent disease [6-8]. A large scale analysis demonstrated
that multinucleation, quantified using state-of-the-art machine learning
algorithms, can risk stratify OPSCC patients already stratified by HPV/
pl6 status [7]. In parallel, a smaller single institution analysis demon-
strated that high levels of multinucleation accompany “high-risk” HPV-
associated OPSCC, particularly in patients with an extensive tobacco
exposure history and tumors depleted of effector immunocytes [8].
Although multinucleation appears to correlate with survival in the
setting of OPSCC, and seems to be more common in HPV-independent
disease, the biological mechanisms which give rise to this pathologic
feature, or alternatively permit it to exist, remain unclear. Our previous
work showed that tumors with high levels of multinucleation demon-
strated increased expression of genes associated with suppressed im-
munity [8]. These data led us to hypothesize that multinucleation
represents a phenotype correlated with exhausted or absent anti-tumor
immunity. We sought to address this hypothesis using data from The
Cancer Genome Atlas (TCGA) which allowed us to conduct in depth
genomic and transcriptomic analyses of HNSCC tumors as a function of
multinucleation based on the MuNI machine learning algorithm [7-9].

Materials and methods

Data set preparation: Following approval of the Institutional Re-
view Board of the Southern California Permanente Medical Group in
Woodland Hills, California, USA, data from 171 patients with HPV-
associated OPSCC (defined using pl6 immunohistochemistry) were
utilized as the training set, Dyg, for model development and risk cutoff
definition. [7] The slides were digitized at x 40 resolution (0.25 p/pixel
resolution) using a Ventana iScan HT slide scanner at Case Western
Reserve University. Whole slide image (WSI) quality was checked using
HistoQC,[10] an automatic quality control tool for computational pa-
thology. Images annotated to the TCGA genomic and transcriptomic
data were obtained from a public repository [11] and analyzed in a
similar manner. [12].

MuNI calculation: For MuNI calculations, the present study utilized
the previously established models [7]. MuNI quantifies the frequency of
multinucleated tumor cells within epithelial regions with the help of two
generative adversarial networks [7]. The first model, My, was estab-
lished to localize multinucleated cells, as well as other type of cells, and
the second one, Mgp, to designate epithelial regions to identify epithelial
cells and to remove falsely detected multinucleated cells, which were
outside of epithelial regions. My and Mgp were trained on 0.25p/pixel
and 1.00p/pixel resolutions, respectively. Once the multinucleated and
epithelial cells were segmented from a WSI, the ratio of the total number
multinucleated cells to the total number of epithelial cells were defined
as MuNI for this WSI (Eql). For a WSI, Syn and Sgp are segmented
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multinucleated and epithelial cells in the WSI, respectively. MuNI is then
defined as follows:

MuNI = |Syn|/|Ser| 1)

MuNI is a continuous variable and its correlation with OS was
analyzed with a Cox proportional hazards regression model using
GraphPad Prism v9 software, while its Pearson correlation with other
continuous variables was analyzed with JMP13 (SAS) statistical soft-
ware. For some analyses, samples were dichotomized into high and low
MuNI groups using either the previously published cut-off threshold of
0.000380 representing the median of an independent HPV-associated
OPSCC cohort [13], or a biological cut-off of 0.0004670 below which
90 % of HPV-associated OPSCC samples in this study fell (i.e., sample
mean plus 0.842 x std).

Genomic and transcriptomic analysis. Upper quartile normaliza-
tion of RNA-seq FPKM data from the TCGA were derived as previously
described [14] and used in all transcriptomic analyses including single
sample gene set enrichment analyses (ssGSEA). The list of top 30
significantly mutated cancer drivers in HNSCC were taken from the
MutSig analysis available through the Broad Firehose portal and the
mutational status of cancer driver genes for each OCSCC sample was
extracted from the TCGA HNSCC mutation annotation file, also avail-
able through the data portal [15]. For each driver, the OCSCC cohort
samples with MuNI scores available were partitioned into wild type or
mutant groups and multiple T-tests performed using the Benjamini
Hochberg correction to control the FDR.

Statistical and immune analysis. Associations between variables
were determined by two-sided Fisher’s exact tests. Survival was
analyzed using the Kaplan-Meier method coupled to log-rank statistics.
Multivariate analysis was performed using Cox regression. Statistical
calculations were performed with SPSS (IBM SPSS Statistics version 25)
or JMP v13. P-values were considered to be significant if below a
threshold of 0.05 (two-sided) or false discovery rate (FDR) < 0.1 as
indicated. The tumor immune microenvironment was analyzed from
bulk RNA-seq data using published and vetted gene lists specific to each
leukocyte subtype to run single sample gene set enrichment analysis
(ssGSEA), a module available from the Broad Institute’s Gene Pattern
portal, as we previously described [14-16]. ssGSEA values are contin-
uous variables that can be negative or positive, with larger values cor-
responding to greater enrichment.

Results

Multinucleation varies across sites and genomic backgrounds. A total
of 436 patients from the TCGA HNSCC cohort underwent quantitative
analysis of multinucleation (Supplementary Table 1). [7]) In HPV-
independent tumor samples (Fig. 1A), average MuNI scores were
similar among SCC from the larynx/hypopharynx (LHSCC), oral cavity
(OCSCC), and oropharynx (OPSCC). HPV-associated tumors had lower
MuNI scores in all subsites and HPV-associated OPSCC had the lowest
MuNI scores, nearly twice as low as HPV-independent OPSCC (p <
0.0001). Among HPV-independent OCSCC and LHSCC tumors, African
American patients had higher MuNI (Supplementary Figure 1 compared
to non-African American patients (0.00075 vs 0.00063; p = 0.0051)
which correlates with our recent report [9].

TP53 is considered to be the “guardian“ of the genome, but is
mutated in roughly 80 % of HPV-independent HNSCC [11]. We exam-
ined if TP53 mutations, categorized as low or high risk using the
evolutionary action scoring algorithm, impacted MuNI scores [17-18].
In HPV-independent OCSCC samples, there was a trend towards
increased MuNI score across all classes of TP53 mutation, but only the
high-risk or undefined risk TP53 mutations (splice or inframe) reached
significance (Fig. 1B). Although the same trend existed in LHSCC tu-
mors, differences did not reach statistical significance (Fig. 1B). To
globally examine whether MuNI was associated with a specific genomic
HNSCC background, we compared MuNI values among 387 TCGA HPV-
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independent HNSCC samples with available exome sequencing data that
were either wild type or mutant for the top 30 cancer drivers (Supple-
mentary Table 2) [11]. MuNI values were higher in samples with a
mutated TP53 or Complement 6 (C6) gene and lower when an HRAS
mutation was present (Fig. 1C and Supplementary Table 2).
Multinucleation correlates with survival in HNSCC. We previously
published that high MuNI scores were associated with poor patient
overall survival (OS) in a large cohort of HPV-associated OPSCC, using a
MuNI cutoff score of 0.000380 derived from the median value of our
training set from that study [7]. As OCSCC and LHSCC are biologically
distinct subtypes of HNSCC not generally driven by HPV, we investi-
gated the relationship between MuNI and OS in these disease subsites as
well. Initially, MuNI was treated as a continuous variable in a Cox
proportional hazard model and found to be highly correlated with OS in
the combined cohort of OCSCC and LHSCC patients (Fig. 2A, p =
0.00036). Expected cumulative survival was modeled for the minimum,
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lower quartile, middle quartile, upper quartile, and maximum observed
MuNI values and a clear trend of decreasing survival (e.g., median OS
and 5-year OS) was observed with increasing MuNI (Fig. 2A). A multi-
variable nomogram that included MuNI, age, race, gender, T/N stage,
and smoking status yielded a C-index of 0.65, where MuNI was prog-
nostic of OS (2.25, 1.07-4.71, 0.03), independent from other clinical
variables (Supplementary Table 3). High risk HPV is detected infre-
quently in OCSCC (e.g., 5 %) and LHSCC (e.g., 3 %) and has not been
associated with improved survival in these disease subsites. When HPV-
associated tumors were excluded from the TCGA OCSCC/LHSCC cohort,
MuNI was still highly associated with OS in a Cox proportional hazards
regression model (p = 0.0065), consistent with the observation that the
presence of HPV had no detectable impact among OCSCC patients
(Fig. 2B), which accounted for 80 % of HPV cases (i.e., 11/14) outside of
OPSCC.

Next, we examined whether our previously published MuNI cutoff (e.
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Fig. 1. Multinucleation varies as a function of disease site and genomic background. MuNI as a function of disease site (A), TP53 mutational status (B) and
genomic background (C). wt = wild type; mut = mutant; HR = high risk; HPV+ = HPV-associated; HPV- = HPV-independent. * denotes p-value <0.01; ** denotes p-

value <0.001
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Fig. 2. Multinucleation correlates with overall survival. A significant relationship between MuNI and overall survival was found in the OCSCC/LHSCC TCGA
cohort (A) using a Cox proportional hazards regression model (p = 0.00036, Log-likelihood ratio), which showed decreases in estimated median and 5-year survival
for MuNI values for the cohort minimum, lower quartile, median, upper quartile, and maximum. In the OCSCC cohort, the presence of HPV was not associated with
survival differences (B). The MuNI cut-off (0.00038) derived from the median of HPV-associated OPSCC samples in a prior study was validated for survival strat-
ification of TCGA OCSCC and LHSCC samples (C and D). The biological cut-off (0.0004670) derived from distribution of HPV-associated OPSCC samples performed
well for survival stratification when applied to OCSCC and LHSCC (E, F). Survival is represented by Kaplan-Meier curves (C-F) evaluated for significance by a log-

rank test.

g., 0.000380) derived from a large independent cohort of HPV-
associated OPSCC was also prognostic in OCSCC and LHSCC, which
are largely HPV-independent. This cutoff threshold significantly sepa-
rated both OCSCC (p = 0.0019) and LHSCC patients (p = 0.049) into
good and poor prognosis groups (Fig. 2C, D) with hazard ratios of 2.33
(95 % confidence interval = 1.54-3.52) and 3.71 (95 % confidence in-
terval = 1.64-8.38), respectively. Because our original MuNI cut-off
employed the median approach (often used apriori for dichotomiza-
tion) we investigated whether a cut-off based on biology might perform
similar or better. For biological context, we took advantage of the
finding that a subset of HPV-independent OCSCC and LHSCC had MuNI

values in the range of HPV-associated OPSCC that on average have a
better prognosis. We utilized the mean MuNI value and standard devi-
ation of the HPV-associated OPSCC samples in the current study (e.g.,
0.000308 + 0.000126) to derive a new cut-off of 0.00046, below which
90 % of HPV-associated OPSCC specimens were expected. When this
biological cut-off was applied to OCSCC and LHSCC (Fig. 2E, F), patients
in the high MuNI groups from both subsites had significantly worse OS
(p = 0.029 and p = 0.028, respectively) with very similar median sur-
vival times regardless of whether the new or previous cutoff was used.
As the biological cut-off was more robust when both disease subsites
were considered collectively and had a better underlying rationale, we
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applied it for all subsequent analyses. Lastly, a multivariable nomogram
that included MuNI, age, race, gender, T/N stage, and smoking status
yielded a C-index of 0.65, where MuNI was prognostic of OS (2.25,
1.07-4.71, 0.03), independent from other clinical variables (Supple-
mentary Table 3).

Higher multinucleation correlates with suppressed anti-tumor im-
munity. We previously showed that patients whose tumors had higher
levels of infiltration by effector immunocytes had longer survival
compared to their counterparts across multiple solid tumors [14-15].
Using a published immune clustering approach based on single sample
gene set enrichment analysis (sSGSEA) of immunocyte transcriptomic
data [14], we clustered OCSCC samples by relative leukocyte infiltration
and examined the relationship between tumor immune status and MuNI
levels (Fig. 3A; Supplementary Table 4) after dichotomizing the latter
into high or low MuNI based on our biological cut-off of 0.00046 (as
shown above). First, we compared the distributions of high and low
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MuNI tumor samples among the immune clusters (Fig. 3C). Immune
cluster 1, which contained the highest degree of overall immune infil-
tration (very hot) was enriched for tumors with low MuNI status, in
contrast to immune cluster 7 (cold) that was enriched for high MuNI
samples (p = 0.010). To analyze whether this effect is potentially driven
by immune editing of multinucleated cells, we compared absolute levels
of MuNI among just high MuNI tumors in either hot immune clusters or
the cold immune cluster and found MuNI scores to be significantly
higher in tumors with a cold immune microenviroment (Fig. 3B).

We used individual leukocyte subtype ssGSEA scores (Supplemen-
tary Table 4) to identify correlations with MuNI values among all HPV-
independent OCSCC and LHSCC, as well as HPV-independent and HPV-
associated OPSCC samples (Supplementary Table 5). In OCSCC, the
majority of leukocyte subtypes were anti-correlated with MuNI scores,
albeit the correlation values themselves were low (-0.14 to —0.21). A
number of immune subsets (B cells, CD8 + cells, T cells) were modestly
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Fig. 3. MuNI correlation with anti-tumor immunity in OCSCC. A) ssGSEA scores from 14 different immune subsets derived from gene expression data were used
with consensus hierarchical clustering to identify subgroups of OCSCC patients (N = 305) with varying degree of leukocyte infiltration. Cluster 1 and 2 were
immunologically “very hot” and “hot” based on relative ssGSEA scores for T cells, CD8, cytotoxic and NK cells, compared to cluster 7 defined as immunologically
cold. Tumors classified as high or low MuNI using a threshold of 0.00296 (see methods) are annotated across the top. B) High MuNI samples from the very hot/hot
immune clusters had significantly lower MuNI scores than their counterparts in the cold immune cluster 7, which suggests immune editing. C) The very hot immune
cluster 1 is enriched in samples from the low MuNI group while the cold immune cluster is enriched for samples with high MuNI. Bars represent the fraction (% in
parenthesis) of each MuNI group, or the entire cohort represented in the immune cluster.
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anti-correlated with MuNI values in HPV-associated OPSCC, consistent
with our previously published results [8]. However, little correlation
with immune subsets was found in HPV-independent LHSCC. To further
dissect relationships between MuNI and immune response, we stratified
OCSCC samples by TP53 mutational status and discovered that wild type
TP53 tumors showed the greatest degree of anti-correlation with MuNI
values for multiple immune subsets (Supplementary Table 6),
including T cells (p = -0.35, FDR = 0.044), CD8 + cells (p = -0.32, FDR
= 0.044), cytotoxic cells (p = -0.31, FDR = 0.044), and NK cells (p =
-0.40, FDR = 0.039). In OCSCC tumors with mutant TP53, these anti-
correlations were much lower and unadjusted p-values frequently
failed to be significant (Supplementary Table 6; Supplementary
Figure 2). To better understand why immune correlations with MuNI
had greater magnitude among tumors with wild type TP53, we stratified
HPV-independent OCSCC by TP53 status alone and compared their
sSGSEA scores. Tumors with wild type TP53 status had significantly
greater infiltration of aDC, CD8 + cells, Cytotoxic cells, NK, T cells, Tgd,
and Th1 compared to those with a high-risk or splice/frameshift muta-
tion (Supplementary Table 7; Supplementary Figure 3A). In contrast,
no significant differences in immune ssGSEA scores were found between
tumors with wild type or mutant TP53 status among HPV-independent
LHSCC samples (Supplementary Figure 3B) which could explain
reduced impact of TP53 status on MuNI levels in LHSCC.

Possibly, higher levels of cytotoxic and dendritic cells found in
OCSCC tumors with wild type TP53, compared to those harboring HR
TP53 mutations, are able to clear MuNI tumor cells though immune
editing and significantly lower MuNI values (e.g. Fig. 1B). Lack of
increased leukocyte subsets in the LHSCC TP53 wt tumors could explain
why such differences in MuNI were not found in this subsite. Although
alternative explanations cannot be ruled out, the connection between
TP53 and MuNI appears unrelated to genomic instability, as the latter
would have impacted OCSCC and LHSCC similarly.

To further validate the anti-correlations between MuNI and tumor
immune microenvironment components, we examined correlations
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between expression of the 116 individual immune-related genes
defining the leukocyte ssGSEA scores and MuNI values among TP53 wild
type (wt) and TP53 mutant (mut) HPV-independent OSCC tumors. In the
TP53 wt tumors, 44 of the immune-related genes were significantly anti-
correlated (p < 0.05) and none were positively correlated (Supple-
mentary Table 8; Fig. 4). In TP53 mut (high-risk and other), however,
only two immune-related genes (IDO/aDC, and FCRL2/B-cells) were
negatively correlated with MuNI and again none were positively
correlated. Among top ranked genes anti-correlating with MuNI in the
TP53 wt tumors were those defining T cells (e.g., TRAT1, CD3G), CD8 +
cells (e.g., CD8B, Peforin/PRF1), Cytotoxic cells (Granzyme A/GZMA)
and NK cells (e.g., KIR3DL2).

Global analysis of genes associated with MuNI. To identify genes
which may pre-dispose tumors to have increased or decreased MuNI,
independent of the immune microenvironment, we analyzed whole
transcriptomic RNA-seq expression data to look for correlations with
MuNI in TP53 wt and TP53 mut (high-risk/other) HPV-independent
OCSCC. Genes that had significant positive or negative correlations (p
< 0.05) with MuNI at a magnitude > 0.25 (Supplementary Table 9)
were filtered by subtracting genes significantly correlated or anti-
correlated with the presence of T-cells using matching ssGSEA scores
(Fig. 5). In OCSCC, the expression of more than one hundred genes
meeting these criteria were either positively or negatively correlated
with MuNI when OCSCC tumors were TP53 wt, and those numbers
dropped precipitously to just a handful of genes correlating with MuNI
in tumors harboring high risk/other TP53 mutations (Supplementary
Table 9; Fig. 5). A parallel analysis identified 18 genes positively
correlated in TP53 wt OCSCC that were similarly correlated with MuNI
in LHSCC, sometimes in the TP53 wt LHSCC group, sometimes in the
TP53 mut LHSCC group, and sometimes regardless of TP53 status.
Among the genes positively correlating with MuNI in both OCSCC and
LHSCC were genes coding for transporters, BCAP31 which can regulate
apoptosis, and death-associated protein kinase 3 (DAPK3) which has
previously been linked to regulating cytokinesis and increased multi-
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Fig. 5. Individual gene correlates with MuNI. Venn diagrams showing relationship between genes significantly correlated with MuNI for TP53 wt or TP53 mutant
(i.e., HR or other) OCSCC HPV-independent tumors and genes also correlating with T cell ssGSEA scores to identify those genes independent of the TIME which may
be related instead to tumor biology. In (A) genes anti-correlated with T cell scores were used for analysis while in (B) genes that positively correlated with T cell
scores were used (e.g., green and yellow ovals) because MuNI itself was found to inversely correlated with immune infiltration (see text). Tables in the bottom panels
indicate specific genes of interest, independent of immune correlation, that were also found to significantly correlate with MuNI in the HPV-independent LHSCC
cohort. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

nucleation [19]. There were nine genes negatively correlated with MuNI
in both TP53 wt OCSCC and LHSCC that were either TP53 wt or mutant,
and these included genes regulating mitotic spindles, DNA replication,
DNA damage, and apoptosis (Supplementary Table 9,Fig. 5).
Because elevated expression of certain genes linked to DNA fidelity
were associated with lower levels of MuNI in both OCSCC and LHSCC,
we performed an expanded analysis to look for possible ties to the DNA
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damage response. We previously developed a 64 gene expression
signature of the DNA damage response (DDR), which was validated in
tumors harboring deletion of known DNA repair genes (manuscript
under review). Therefore, we examined whether MuNI scores correlated
with DDR scores of HPV-independent OCSCC and LHSCC, when strati-
fied by TP53 mutational status. A strong anti-correlation was observed
between DDR score and MuNI in the TP53 mut (high-risk/other) LHSCC

Mut TP53
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Fig. 6. Correlation between MuNI and DNA damage repair activation (DDR). Using data from OCSCC and LHSCC tumors, dichotomized by TP53 mutational

status we correlated activation of DDR (ssGSEA) with MuNI.
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(r = -0.4; p = 0.0006, Fig. 6) but for not for the other disease sites or
mutational groups.

Discussion

Predicting response to treatment remains an unsolved problem in
HNSCC. To date, T-N-M classification remains the gold standard for risk
prediction and decisions regarding HNSCC treatment intensity (e.g.
addition of adjuvant radiation post surgically). Unfortunately, T-N-M
classification is primarily driven by tumor biology as it relates to rapid
proliferation and metastatic potential, biological characteristics which
have only indirect links with relative responsiveness to chemotherapy,
radiation and immune checkpoint inhibitors (ICIs). This is demonstrated
in the setting of HPV-associated HNSCC which overwhelmingly displays
nodal metastasis at initial presentation yet at the same time retains an
excellent prognosis due to a robust response to chemo-radiation. This
very fact led to the de-emphasis of nodal metastasis in the 8th edition of
the AJCC Staging Manual for HPV-associated OPSCC [20].

Because HPV-associated OPSCCs demonstrate superior chemo-
radiation response compared to HPV-independent HNSCC, HPV status
is now used as a secondary prognostic classifier in HNSCC. However, it
alone remains an insufficient predictor to identify patients who would
safely benefit from a reduction in radiation dose, elimination of con-
ventional chemotherapy or its replacement with targeted agents
[21-23]. We and others have identified additional risk classifiers, even
in the context of HPV-based risk stratification, that can significantly
segregate patients based on survival and potentially improve clinical
algorithms aimed at de-escalation [4-5,7-8,24]. Unfortunately, many of
the new risk classifiers remain biological “black boxes” - statistical
classifiers without a clear putative mechanism of action. This limits their
potential in the clinical setting where we need to understand how to
predict response to disparate treatment regimens. Simply put, black box
classifiers are prognostic of survival, but without biological/mechanistic data
they cannot become predictors which can inform treatment selection and
intensity.

We previously evaluated multinucleation using machine learning
(MuNI) in multiple cohorts of surgically and non-surgically treated
OPSCC patients and identified an excellent prognostic potential [7-8]. A
limited analysis of OPSCC specimens demonstrated a strong correlation
between MuNI and cytotoxic immunocyte infiltration of tumors (pre-
treatment) as well as expression of immune related genes [4-5,7-8,24].
In the current study, we expanded the depth of genomic and tran-
scriptomic analyses and breadth of the HNSCC disease sites interrogated
to gain further insight into biological factors that may be influencing
MuNI. It now appears that the frequency of multinucleated cells may be
affected by multiple biological processes that interact including the
tumor immune microenvironment (TIME), the presence of HPV, muta-
tional status of known oncogenic drivers such as TP53 and expression of
genes involved in DNA replication and repair. The degree to which each
factor contributes seems to depend on the context of the other factors.
HPV-associated tumors clearly demonstrated diminished frequency of
multinucleated cells. Three biological features normally standout for
HPV-associated HNSCC tumors that may contribute to this phenotype:
1) higher levels of pre-treatment infiltrating leukocytes such as T cells
and cytotoxic cells [8,25], 2) higher expression of DDR genes, which
translates into higher DDR scores and 3) TP53 wild-type status. Along
these lines, we found lower MuNI levels in wild-type TP53 HPV-
independent OCSCC were associated with significantly higher infiltra-
tion of T cells, CD8 + cells, cytotoxic cells, and NK cells within this
genomic subtype. Collectively, the evidence suggests immune editing of
multinucleated cells could be taking place. In other words, low MuNI
may be a good surrogate for a more favorable TIME whereas high MuNI
may mean the opposite.

In mutant TP53 LHSCC, we measured a significant anti-correlation
between expression of DDR genes and MuNI levels, which is reminis-
cent of HPV-associated tumors which also have higher DDR scores and
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lower MuNI. Possibly, tumor cells with enhanced machinery to divert
replication stress or DNA damage are inherently less prone to mitotic
catastrophe and/or MuNI events [26-27]. More specifically, when we
globally examined correlations between gene expression and MuNI we
found a handful of the same genes involved in DNA replication and DNA
damage to be inversely correlated in wild type TP53 OCSCC and in
LHSCC, where the TP53 status seemed less important for the latter. The
picture that emerges from our analysis is that there are likely intrinsic
tumor biology mechanisms pertaining to mutational drivers, cell divi-
sion and DNA replication/repair that can alter the background rate at
which multinucleation appears, but the simultaneous presence or
absence of functional cytotoxic lymphocytes in the TIME may impact
how many of the multinucleated cells get eliminated. In retrospective
analyses it is difficult to distinguish cause and effect. An alternative
explanation could be that the presence of multinucleated cells sup-
presses a robust immune response directly. The extremely low frequency
of multinucleated cells inside HNSCC tumors makes this a fairly unlikely
scenario. Nevertheless, we are currently deploying spatial tran-
scriptomic approaches to directly answer this question. If our hypothesis
is correct, and high MuNI scores reflect a functionally defective TIME,
this could have substantial implications for pre-treatment evaluations of
HNSCC TIME and therapeutic algorithms predicated on active anti-
tumor immunity. In contrast to genomic or transcriptomic functional
TIME signatures, quantification of MuNI from H&E slides is cheap, fast
and highly reproducible across clinical grade tissue samples [28]. We
have now utilized a discovery institutional OPSCC dataset to correlate
MuNI to anti-tumor immunity and have validated our findings across the
entire TCGA HNSCC cohort. We are deploying preclinical immune-
competent models of HNSCC to study the mechanistic links between
MuNI, DNA damage generation and repair and TIME. Although our re-
sults are promising, there are caveats to using survival data from the
TCGA, including lack of uniform treatment and follow-up. Efforts are
underway to further validate these correlations in prospective clinical
datasets from HNSCC patients treated with definitive chemo-radiation
or ICIs in order to address the inherent limitations of our correlative
studies and develop MuNI into a predictive rather than simply prognostic
biomarker. In conclusion, we have shown that MuNI represents not only
a robust marker of survival in HNSCC, but one that seems to denote a
functionally exhausted TIME and which may be a functional and
phenotypic link between intrinsic biological events within HNSCC
tumor cells and activation of effector immunocytes.
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