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Abstract

HNSCC is an immunologically active tumor with high levels of immune cell infiltration, high
mutational burden and a subset of patients who respond to immunotherapy. One of the primary
sources of mutations in HNSCC is the cytidine deaminase APOBEC3, which is a known
participant in innate immunity. Why particular HNSCCs have higher rates of APOBEC mutations
and how these mutations relate to the immune microenvironment remains unknown.

Utilizing whole exome and RNA-Seq datasets from TCGA HNSCCs we annotated APOBEC
mutations, immune cell populations, activating and end effectors of immunity and neoantigens in
order to interrogate the relationship between APOBEC mutations and the immune landscape.
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Immune cell populations and composite scores of immune activation were tightly associated with
APOBEC mutational burden (p = 0.04-1.17e-5). HNSCC had the highest levels of IFNy across
cancer types with high APOBEC mutational burden, with the highest IFNy scores in HPV
mediated HNSCC. Tumor specific neoantigens were significantly correlated with APOBEC
mutational burden while other sources of neoantigens were not (0.53 [0.24, 0.76] p = 8e-5). The
presence of a germline APOBEC polymorphism was more prevalent in non-white, non-black
patients and within this group, patients with the polymorphism had higher APOBEC mutational
burden (p = 0.002).

APOBEC mutations are tightly linked to immune activation and infiltration in HNSCC. Multiple
mechanisms may exist within HNSCC leading to APOBEC mutations including immune
upregulation in response to neoantigens and viral infection, via induction of IFNy. These
mechanisms may be additive and not mutually exclusive, which could explain higher levels of
APOBEC mutations in HPV mediated HNSCC.
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Introduction

The primary known risk factors for Head and Neck Squamous Cell Carcinoma (HNSCC) are
tobacco smoke exposure and human papilloma virus (HPV) infection. Utilizing
computational approaches for mutational signature annotation, the majority of mutations in
HNSCC can be ascribed to aging, carcinogen exposure and activity of the apolipoprotein B
mRNA editing enzyme, catalytic polypeptide-like 3 (APOBEC3) family of cytosine
deaminases. APOBECs have diverse functions but importantly, are involved in innate
immunity and base excision repair [1,2].

In addition to HNSCC, APOBEC3 mutations are particularly common in lung, breast,
bladder and cervical cancer, but present to some degree in all cancers [2]. The presence,
quantity and functional importance of APOBEC3 mutations in cancer has been well
established [2-5]. Why APOBEC mutations are so prevalent in certain cancers remains
unclear. Considering the well described role of the APOBEC family in viral restriction and
innate immunity, one theory that is particularly relevant to HNSCC is upregulation of
APOBECS3 as part of the innate immune response to viral infection, resulting in off-target
host genomic mutations [6]. We, and others, have shown that APOBEC3 mutations are
particularly prominent in HPV mediated HNSCC (HPVmHNSCC) and that APOBEC3
mutations appear to be responsible for driver mutations in PIK3CA, the most frequently
mutated gene in HPVmHNSCC [4,7]. While APOBEC mutagenesis is most prevalent in
HPVMHNSCC, non-HPVmMHNSCC also contain APOBEC3 mutations, suggesting that
additional mechanisms must drive APOBEC mutagenesis as well [7]. For example, an
APOBEC germline deletion polymorphism has been described in breast cancer and is
associated with an increased rate of APOBEC mutations due to expression of an
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APOBEC3A-3B chimera, suggesting inherited factors may play a role in APOBEC
mutagenesis [8,9].

HNSCC is known to be an immunologically “hot” tumor with immune cell infiltration levels
amongst the highest of all cancers [10]. Despite this, and a moderate-high mutational
burden, only 15-20% of HNSCC patients demonstrate response to immunotherapy with
PD-1/PD-L1 checkpoint blockade (ICB) [2,11]. While expression of markers such as PD-
L1, infiltration of immune cell populations such as CD8 T cells, and an “inflamed” tumor
phenotype, as evidenced by IFNy signatures, have been shown to correlate with response to
immunotherapy, there are currently no accurate biomarkers to predict response to ICB in
HNSCC [12]. Perhaps not surprisingly, HPFVmHNSCC possesses higher levels of immune
infiltration overall, CD8 T cells and markers of immune activation, compared to non-
HPVMHNSCC [10]. Nonetheless, while HPVmHNSCC show faster and higher response
rates to nivolumab, overall survival is the same as non-HPVmHNSCC [13]. APOBEC
mutations have recently been shown to correlate with PD-L1 expression and response to
immunotherapy in lung cancer, supporting the concept that APOBEC mutations are tightly
linked to the immune environment of a tumor [14,15]. Here, we examined the relationship
between APOBEC mutagenesis, the tumor immune microenvironment (TIME) and markers
of response to immunotherapy, in HNSCC.

Somatic exome, germline, transcriptome, and paired clinical datasets were originally
obtained from the TCGA data portal, for 276 HNSCC. These files now exist in the Genomic
Data Commons (https://gdc.cancer.gov). Clinical data from patients in TCGA from the
University of Pittsburgh were merged with TCGA to increase accuracy and when
discrepancies existed, preference was given to the data from the Pittsburgh Head and Neck
Tumor database. APOBEC germline polymorphism data was gathered from published lists
in TCGA [9].

APOBEC enrichment scores

Per sample APOBEC enrichment scores were calculated according to the methods described
by Roberts [2,3,16]. Briefly, this is the fraction of all C/G mutations (CGm) that were
TCW/WCA in nature (TCWm), normalized by the fraction of all C/G sites in the local 50 bp
context (CGc) that were TCW motifs (TCWCc)

TCWp— TCW,
£=7¢cG, * TCG,

Immune scores

IFN-y signature was calculated according to Ayers et al. [17]. CYT score was calculated
according to Rooney et al. [18]. Estimate Immune Score was calculated according to
Yoshihara et al. [19]. Immune deconvolution data was generated from RNA-Seq reads as
previously described using Cibersort and ssGSEA [20,21]. Briefly, Cibersort is a validated
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computational approach that utilizes a leukocyte gene signature matrix to estimate the
relative proportions of each cell type of interest in bulk RNA-Seq datasets. SSGSEA
calculates a score for a gene signature for each pair of sample and gene set by comparing the
ranks of the genes in the signature with the ranks of all other genes in the transcriptome,
based on the degree to which the genes are up- or down- regulated. This approach has been
orthogonally validated using immunofluorescence staining in samples with high
concordance [21]. Further, these approaches have demonstrated strong correlation between
each other in HNSCC [10]. Tumor purity was calculated with ASCAT [22].

Tumor antigens

Mutation-derived predicted class | binding neoantigens (mutation-induced neoantigens)
were calculated as described by Rooney et al. [18]. A list of endogenous retroviruses (ERV)
was obtained from Meyer et al and filtered for ERVs known to be transcriptionally silent
based on Rooney et al. [18,23]. Expression levels of 60 Cancer Testis (CT) antigens known
to be transcriptionally silent in normal tissue was obtained from Rooney et al. [18].
Expression values were dichotomized to zero and non-zero and the association between
APOBEC enrichment and CT antigen expression was assessed by Wilcoxon rank-sum test.

Immunohistochemistry

40 HNSCC samples from patients at the University of Pittsburgh whose tumors were
contributed to TCGA underwent Immunohistochemical (IHC) staining for CD8 (Roche,
catalog # 790-4460), CD45R0 (Roche, catalog # 790-2930), CD19 (Sigma, catalog #
119M-15), and Foxp3 (Spring Bioscience, catalog # M3972). Associations with immune
deconvolution markers and APOBEC enrichment were assessed by linear regression.

Statistical analysis

Results

The relationship between APOBEC enrichment, clinical variables, immune scores,
immunohistochemistry, neoantigens and germline polymorphism status was assessed by
linear regression models, Spearman’s correlation coefficient or/and Wilcoxon rank-sum test
in the cohort overall, HPVmHNSCC and non-HPVmHNSCC. As enrichment score is right-
skewed it was log-transformed. Survival analysis was conducted using Cox regression
model. Models were built using stepwise method with HPV status and stage. Association
between two categorical variables were assessed by Fisher’s exact test. P-values were
adjusted for multiple testing using Benjamini-Hochberg method when necessary.

Immune cell populations and activating/end effectors of immunity are tightly linked to
APOBEC mutations

HNSCC is often an immunologically inflamed/infiltrated cancer. We hypothesized that
variability in APOBEC mutation rates within HNSCC could be driven by the TIME and
thus, that immune cell populations known to participate in anti-tumor immunity should
correlate with APOBEC mutagenesis. In order to investigate this possibility we utilized
deconvolution of RNA-Seq datasets from 276 HNSCC in TCGA to estimate immune cell
populations and generate immune scores.
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We first examined immune cell populations known to indicate inflamed tumors, finding that
CD8 T cell populations were associated with APOBEC mutational burden (p = 0.013), even
after adjusting for HPV status (p = 0.014) (Fig. 1A, Supplemental Fig. 1). Further, T cell
populations overall, regulatory T cells (T-Regs), eosinophil, dendritic, cytotoxic cells and B
cell populations were also associated with APOBEC mutations. (Fig. 1A, B, Supplemental
Fig. 1A-F). The strongest correlation with APOBEC mutational burden was with cytotoxic
cells in non-HPVYmMHNSCC (0.38 [0.24, 0.50], p = 2e-6, Spearman’s correlation). Contrary
to this finding, cytotoxic cells did not positively correlate with the other known prominent
mutational signatures in HNSCC, signature 1 (age) and signature 4 (smoking) (0 [-0.13,
0.13], p=0.9 and -0.3 [-0.42, 0.19], p = 2e-6), respectively, Spearman’s correlation).

In order to examine if traditional immunohistochemical staining (IHC) of immune cell
markers would also show an association with APOBEC mutations, IHC of CD8, CD45,
CD19 and Foxp3 was performed on FFPE sections from tumors contributed to TCGA from
the University of Pittsburgh, for which tissue blocks were available (n = 40). After
controlling for multiple comparisons, APOBEC mutations were not statistically associated
with CD8 T cell infiltration on IHC (p = 0.11), nor CD45, CD19 and Foxp3, despite their
corresponding cell populations correlating with APOBEC mutations from the RNA-Seq data
(Supplemental Fig. 2A). Because of this lack of association, we then compared immune cell
populations by RNA-Seq and IHC, finding no statistical associations other than Foxp3 and T
Regs (p = 6 e-6) (Supplemental Fig. 2B).

To explore in more detail the relationship between APOBEC mutations and the immune
landscape, we examined the activating and effector molecules of immunity using an IFN~y
score (composite score which has been shown to correlate with an inflamed tumor subtype
and response to immunotherapy, CYT (a measure of the immune cytolytic activity using
granzyme A (GZMA) and perforin (PRF1) which are known to be upregulated upon CD8+
T cell activation) and ESTIMATE immune score (measure of immune cell infiltration within
a tumor), finding that each score was strongly positively associated with APOBEC
mutations (p = 1e-4, p = 4e-5, p = 6e-4, respectively) (Fig. 2A-C). These associations
remained significant after controlling for HPV status. APOBEC is known to be inducible by
IFNy [24]. Examining IFN-y across cancer types in TCGA known to have prominent
APOBEC signatures, we found that HNSCC possesses the highest IFN-y expression of all
the tumor types (Fig. 2D). Based on this observation, we examined the IFN-y score within
HPVMHNSCC and non-HPVmHNSCC finding that HPVmHNSCC tumors have a trend
towards elevated IFNvy scores (p = 0.09) (Fig. 2E). irny is known to upregulate PD-L1 on
tumors. Both IFNy score and PD-L1 have been shown to modestly predict response to
immunotherapy. Therefore, we examined PD-L1 expression in relation to APOBEC
mutations finding that they were associated univariately (p = 0.04) (Fig. 2F) and controlling
for HPV status (p = 0.049).

Tumor specific neoantigen burden correlates with APOBEC mutations

The host immune response to tumor cells has been shown to be at least partially driven by
the presence of neoepitope-specific T cells [25]. Further, neoantigen burden, and type, have
been shown to correlate with response to immunotherapy [26—-28]. Knowing that APOBEC
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mutations appear to occur later in tumor evolution [29,30], we hypothesized that APOBEC
activity may be driven by immune upregulation due to tumor associated antigens. In order to
test this, we first generated mutation-derived predicted class | binding neoantigens
(mutation-induced neoantigens). APOBEC mutation rate was strongly positively associated
with mutation-induced neoantigens (p = 8e-12) (Fig. 3A). This association remained
significant after controlling for HPV status (p = 5e-12) suggesting that mutation-induced
neoantigens could be driving host immune response, and potentially APOBEC mutagenesis
secondarily, independent of viral infection and viral-antigens (Fig. 3B). Interestingly, when
HPVMHNSCC and non-HPVmHNSCC were analyzed separately, the correlation between
HPVMHNSCC and APOBEC mutations was stronger than non-HPVmHNSCC (0.53 [0.24,
0.76] p = 8e-5 vs 0.29 [0.14, 0.42] p = 4e-5). In order to ensure that tumor purity was not
driving the correlation between APOBEC mutational burden and neoantigen burden the
association between APOBEC mutation rates and purity was examined for the entire cohort,
HPVMHNSCC and non-HPVmHNSCC, revealing that none of the correlation coefficients
were significant (-0.006 [-0.13, 0.13] p = 0.92, -0.007 [-0.30, 0.25] p = 0.96, 0.001 [-0.15,
0.15] p = 0.99, respectively). Further, the relationship between APOBEC mutations and
mutation-induced neoantigens was examined using linear regression, controlling for HPV
status and purity, revealing that mutation-induced neoantigens remained significant, while
purity was not significant, in the model.

Numerous types of tumor associated antigens exist other than mutation-induced neoantigens,
including cancer testis (CT) antigens. CT antigens are not expressed in healthy tissues, other
than germ cells, but are expressed in some tumors. CT antigens have been shown to induce
antigen-specific responses [31]. Using a list of 60 CT antigens that are transcriptionally
silent in normal non-germline tissues, yet variably expressed in tumors, we examined the
relationship between APOBEC mutations and CT gene expression. After controlling for
multiple comparisons, there was no significant association.

Similar to CT antigens, Endogenous retroviruses (ERVS) are germline encoded and may be
re-activated in cancer cells. Therefore, using 66 ERVSs that have been shown to be expressed,
we assessed if ERV antigens could be driving immune upregulation and APOBEC
mutagenesis. While univariate linear regression revealed seven ERVs that associated with
APOBEC mutations, after controlling for multiple comparisons, no association was
significant (Supplemental Fig. 3).

APOBEC mutation rates and germline polymorphism status differ depending on race

Considering that APOBEC3 mutations were found to be tightly correlated with immune
upregulation/infiltration in this dataset, and that immune cell infiltration correlates with
survival in HNSCC [32,33], we examined the relationship between APOBEC3 mutations
and clinical variables known to have prognostic significance in HNSCC (cohort
characteristics summarized in Supplemental Table 1). There was no association between
APOBEC3 mutation rate and grade, perineural invasion, or extracapsular extension
univariately or controlling for HPV status (Supplemental Table 2, Supplemental Fig. 4A-C).
We next examined APOBEC3 mutation rates, expression and survival. In order to control for
potential confounders, a Cox regression model was built using stepwise strategies with
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enrichment score, stage, medical center and HPV status already in the model. No association
was found between APOBEC3 mutations, APOBEC3A or 3B expression and OS, once all
variables were considered.

An APOBEC3 germline deletion polymorphism resulting in an APOBEC3A-B chimera has
previously been reported to cause increased APOBEC mutation rates in breast cancer and
oral cavity cancer in a Taiwanese population. In the Taiwanese population, presence of the
polymorphism correlated with survival [34]. Therefore, we examined the relationship
between the APOBEC3 germline polymorphism (3%270) and survival, finding no association
(Supplemental Fig. 5A) (p = 0.53). Considering the racial differences between the Taiwanese
cohort (predominately Asian) and TCGA (predominately White), we examined how race
related to germline polymorphism status, finding that non-white, non-blacks (American
Indians and Asians) had the highest rates of germline polymorphism, with nearly half of
patients possessing this polymorphism (p = 0.002) (Fig. 4A). Because of this, we examined
APOBEC mutation rates between race categories in TCGA, grouped as white, black and
other, finding that APOBEC mutation rates trended towards being higher in the “other” race
(p = 0.06) (Fig. 4B). Further, in the other race group, there was a trend towards those with
the polymorphism having elevated APOBEC mutations rates compared to those without the
polymorphism (Fig. 4C), albeit the sample size is small and thus there was not statistical
significance (p = 0.50). Interestingly, this was different than the white and black race
cohorts, which showed higher mutation rates in the patients without a polymorphism (p =
0.008) (Fig. 4C).

Discussion

Currently, significant interest is focused on the field of immunooncology, spurred in part by
the recent success of immune modulating therapeutics. HNSCC is known to be an
immunologically active tumor, with high levels of tumor infiltrating T cells, high mutational
burden and proven responsiveness to immunotherapy [10,11,35]. While mutational burden,
neoantigen burden, PD-L1 expression, IFNy score, T cell infiltrates and an inflamed tumor
phenotype have all been shown to correlate with response to immunotherapy, there are no
reliable biomarkers for response to ICB in HNSCC and in fact, no validated biomarkers in
HNSCC to predict tumor behavior, in general [28,36,37]. What is known is that HNSCC has
an active immune landscape, numerous distinct mutational processes contributing to
mutational burden and two primary etiologies. Taken together, HNSCC presents a unique
opportunity among all cancers to study the interplay of the immune landscape and cancer
development.

One established source of mutations in HNSCC is APOBEC3 mutagenesis. APOBEC
mutations are of particular interest due to APOBECSs role as both an endogenous mutator
and as a participant in innate immunity as a viral restriction factor. Notably, HPVVmHNSCCs
possess the highest burden of APOBEC mutations, leading us, and others, to hypothesize
that viral infection may drive APOBEC mutagenesis in HNSCC [7]. However, non-
HPVMHNSCCs also possess variable levels of APOBEC mutations, suggesting that
alternative pathways for triggering APOBEC3 mutations within HNSCC exist. Interestingly,
Wang et al recently showed that APOBEC mutations corelate with response to
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immunotherapy in lung cancer while Boichard et al. reported that PD-L1 expression is
related to APOBEC mutational burden across tumor types in TCGA [14,15]. Here, using
computational approaches applied to whole exome and RNA-Seq datasets from TCGA
HNSCCs, we examined the relationship between the TIME and APOBEC mutations.

Most notably, we found that the density of nearly all immune cell populations correlated
with APOBEC mutational burden. The strongest correlation between immune cell subtypes
and APOBEC mutations was found with cytotoxic cells. These associations were
independent of HPV status. These findings support the concepts that: 1. the TIME is closely
tied to APOBEC mutagenesis and 2. APOBEC mutational burden may be more related to
the degree of tumor-specific immune activation, overall, as opposed to viral infection in
particular. To further explore this concept, we examined activating and end effectors of
immunity, including an IFNy score, CYT score and ESTIMATE Immune score. IFNYy is
known to be one of the major forces shaping the TIME and importantly, APOBEC is
inducible by IFNy [24]. Here, IFNy scores correlated with APOBEC mutational burden.
Although IFNy score was higher in HPVmHNSCC then in non-HPVmMHNSCC overall, the
correlation between APOBEC mutational burden and IFNy score was independent of HPV
status. This again supports the concept that APOBEC mutations may be driven by the
overall level of tumor-specific immune activation. It is possible that the additional immune
activation from viral infection, in HPVmHNSCC, is additive, and could explain the elevated
APOBEC mutational burden in HFVmHNSCC compared to non-HPVmHNSCC.
Interestingly, we found that HNSCC have the highest levels of IFNy across all tumor types
with high APOBEC mutational burden in TCGA. Similarly, PD-L1, which is known to
relate to IFNy secretion, immune cell exhaustion, and response to immunotherapy, was also
found to be tightly linked to APOBEC mutational burden. This further corresponds with the
finding of elevated CYT score in high APOBEC mutation samples, as CYT is a marker of
activated T cells.

Why certain tumors are more immunogenic than others remains an unanswered and complex
question. Considerable emerging literature supports tumor antigens as a possible source
driving immune activation [25]. Tumor associated antigens can arise from multiple sources
including mutation-induced neoantigens, expression of CT antigens, ERVs and viral
antigens from oncogenic viruses such as HPV. Here, we found that mutation-induced
neoantigen burden was strongly positively correlated with APOBEC mutational burden. This
was true independent of HPV status; however, the correlation was stronger in
HPVMHNSCC, compared to non-HPVmHNSCC. This leads us to hypothesize that
neoantigen burden, resulting in immune activation/ IFNy release, may be the primary driver
of APOBEC mutations. This concept is in line with our finding of high levels of IFNy in
HNSCC, and particularly, HPFVmHNSCC. Other known sources of TSAs, such as CT
antigens and ERVs were not found to be associated with APOBEC mutations. Contrary to
this presented hypothesis is emerging evidence suggesting that higher neoantigen burden
may actually represent a lack of immune surveillance, as opposed to triggering immune
upregulation [38]. An alternative hypothesis is that APOBEC mutations actually cause
immune upregulation by generating immunogenic neoantigens. However, work by
McGranahan et al. suggest APOBEC mutations occur later in tumor evolution, which
supports the concept that APOBEC mutations are an end result of immune activation, as
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opposed to causative [30]. It is important to note that APOBEC mRNA has been shown to
be directly upregulated in response to HPV infection [39,40]. Similarly, the HPV protein E7
stabilizes APOBEC3A from high risk HPVs, prolonging its cellular half-life [41,42].

The APOBEC3 family includes 7 members. APOBEC3A and 3B are the most frequently
studied in terms of mutations in cancer genomes. Using APOBEC-gene specific motifs, we
and others, have shown that HNSCCs appear to possess both APOBEC3A and 3B
mutations, but higher levels of APOBEC3A [7]. This is of interest as APOBEC3A appears
to be specifically involved with anti-HPV restriction. This is in opposition to breast cancer,
for example, where APOBEC3B appears to be the primary mutator [43]. Thus, not only are
there likely multiple forces driving APOBEC mutagenesis in HNSCC, there are likely
multiple different APOBEC3 family members active in a given cancer as well.

A germline deletion polymorphism has been described in breast cancer that causes
expression of an APOBEC3A-3B chimera and increased APOBEC mutations. Subsequently,
this polymorphism was identified in a population of oral cavity cancer patients from Taiwan.
When we explored this polymorphism in HNSCC from TCGA we found low levels overall.
However, the presence of the polymorphism was highly dependent on race, with non-white
non-black patients possessing higher rates of the polymorphism. This is in line with
published data on the rates of the polymorphism by continent of origin with Africans and
Europeans having a low frequency (0.9% and 6%) and East Asians and Amerindians having
higher rates (36.9% and 57.7%, respectively) [44]. In this cohort, non-white non-black
patients trended towards having the highest rates of APOBEC mutations overall. Within this
“other” cohort, made of Asians, Native Americans and Pacific Islanders, patients with the
polymorphism again trended towards higher rates of APOBEC mutations compared those
without the polymorphism. The cohort overall had the opposite finding, with higher rates of
APOBEC mutations in the tumors from individuals without the polymophsim in white and
black groups [9,34]. Thus, it appears there is a subset of HNSCCs whose APOBEC
mutational burden is related to presence of a germline polymorphism, separate from the
immune environment and viral infection; however, this population is a minority.

Overall, this data suggests that multiple mechanisms may exist within HNSCC that lead to
APOBEC mutations. These mechanisms may be additive and not mutually exclusive, which
would explain the higher levels of APOBEC mutations in HPVmHNSCC. If APOBEC
mutational burden indeed reflects the additive effects of multiple sources of immune
upregulation, the relationship of APOBEC mutations to ICB response should be examined
alone, and in combination with existing known markers of response in HNSCC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Immune cell populations are associated with APOBEC mutational burden. A. Univariate
associations between immune cell populations and APOBEC mutations in descending order
of p-values, demonstrating association of all populations and APOBEC mutations. B. Linear
regression scatter plot demonstrating association of cytotoxic cell population with APOBEC
mutational burden. Blue line represents linear regression fitting, Grey shadowing represents
95% confidence bands. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Oral Oncol. Author manuscript; available in PMC 2020 September 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Faden et al.

A.

-UJ Log2 APOBEC Enrichment Score

Log2 APOBEC Enrichment Score

0

Log2 APOBEC Enrichment Score

-1000

Page 13

Cancer

D. o F
1.2000 BRCA
HNSC
©LUAD
Lusc

1.0000

IFNy

Log2 APOBEC Enrichment Score

T T T T T
00000 20000 40000 60000 80000 1.00000

APOBEC Enrichment PD-L1 Expression

Log CYT Score

IFNy Score

HPVmMHNSCC non-HPVmHNSCC

0 1000 2000

Estimate Immune Score

Fig. 2.
Activating and end effector molecules and pathways of immunity are associated with

APOBEC mutational burden. Linear regression scatter plots of APOBEC mutations vs IFNy
score (A), CYT score (B) and Estimate Immune Score (C), demonstrating associations. D.
IFNy expression levels are highest overall in HNSCC within the 5 highest APOBEC
mutations burden cancers (BLCA: Bladder cancer, BRCA: Breast cancer, HNSC: Head and
Neck cancer, LUAD: Lung adenocarcinoma, LUSC: Lung squamous cell carcinoma). E.
Box plot of IFNy score stratified by HPV showing higher level in HPVmHNSCC. Three
horizontal lines represents first quartile, median, third quartile from bottom to top; the upper
vertical line extends from the second quartile to the largest value no further than 1.5I1QR
(interquartile range) from the second quartile; the lower vertical line extends from the first
quartile to the smallest value at most 1.51QR from the first quartile; dots represent outliers
that are more than 1.5 IQR away from first/second quartiles. F. Linear regression scatter plot
demonstrating association between PL-L1 expression and APOBEC mutations.

Oral Oncol. Author manuscript; available in PMC 2020 September 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Faden et al.

Page 14

Log2 APOBEC Enrichment Score

0 2 4 6

Logged Tumor Specific Neo-antigen Burden

HPVmMHNSCC non-HPVmMHNSCC

Log2 APOBEC Enrichment Score

' ' ' ' ' ' ' '

0 2 4 6 0 2 4 6

lammand Tiimaar Cannifia Nlaa Aantican DiivdAan
Fig. 3.
Tumor specific neo-antigens are strongly associated with APOBEC mutational burden. A.

Linear regression scatter plot demonstrating strong association between TSAs and APOBEC
mutations. B. Association persists after controlling for HPV status.
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Fig. 4.

APOBEC mutation burden is affected by race and germline polymorphism status. A.

Polymorphism status by race B. Box plot of APOBEC mutations burden by race
s;(:> demonstrating increase in “other” race. Red “Xx” represents mean C. Box plots of APOBEC
= mutational burden within each race by polymorphism status demonstrating a higher
S APOBEC mutations in “other” race in the presence of the polymorphism yet lower
% APOBEC mutations in the presence of the polymorphism in Black and White races.
2 Heterozygote = polymorphism present, Homozygote = no polymorphism present. D. Box
8 plot of APOBEC mutational burden in the cohort overall by polymorphism status
ﬁ' demonstrating higher rates of mutations without the polymorphism.
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