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Abstract

Recent studies have reported dysbiotic oral microbiota and tumor-resident bacteria in human

head and neck squamous cell carcinoma (HNSCC). We aimed to identify and validate oral
microbial signatures in treatment-naive HNSCC patients compared with healthy control subjects.
We confirm earlier reports that the relative abundances of Lactobacillus spp. and Neisseria spp.

are elevated and diminished, respectively, in human HNSCC. In parallel, we examined the disease-
modifying effects of microbiota in HNSCC, through both antibiotic depletion of microbiota

in an induced HNSCC mouse model (4-Nitrogquinoline 1-oxide, 4NQO) and reconstitution

of tumor-associated microbiota in a germ-free orthotopic mouse model. We demonstrate that
depletion of microbiota delays oral tumorigenesis, while microbiota transfer from mice with oral
cancer accelerates tumorigenesis. Enrichment of Lactobacillus spp. was also observed in murine
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HNSCC, and activation of the aryl-hydrocarbon receptor was documented in both murine and
human tumors. Together, our findings support the hypothesis that dysbiosis promotes HNSCC
development.

Introduction

An estimated 65,000 new cases of head and neck squamous cell carcinoma (HNSCC) are
diagnosed in the U.S. each year, with 5-year survival rates below 50%.[1, 2] HNSCC
comprises a heterogeneous group of cancers derived from oral cavity, pharynx (naso-,

oro-, hypo-), and larynx subsites, that are further classified based on human papillomavirus
(HPV) infection status. HPV/(-) oral SCC is the most common HNSCC and has worse
clinical outcomes than HPV(+) HNSCC (mostly oropharyngeal SCC). The environmental
factors most closely linked to HNSCC are smoking, alcohol consumption, and human
papillomavirus (HPV) infection.[2] However, current knowledge is insufficient to fully
understand the onset, progression, and therapeutic response of HNSCC. Mounting evidence
suggests that altered human microbiota are associated with human cancer development

and progression. Microorganisms cause an estimated 20% of cancers in humans.[3-5] For
decades, epidemiological studies have shown that poor oral hygiene, periodontitis/tooth
loss, and infection of Candida species (fungi associated with the precancerous lesion,
leukoplakia) are significantly associated with development and/or progression of HNSCC.
[6-9] Together, these results suggest that altered oral microbiota may contribute to HNSCC
pathogenesis.

Early evidence of association between oral microbiota and HNSCC came from detection

of bacteria such as Fusobacterium nucleatum and Prophyromonas gingivalis in tumor
tissues through culture-based methods.[10] However, the oral microbiota is complex,
encompassing more than 700 bacterial species.[11, 12] The advance of culture-independent
technologies leveraging next generation sequencing has revolutionized the study of
microbial communities. Microbial profiling of diverse human cancers has been extensively
reported, including studies examining microbiota of saliva or oral rinse.[13-18] However, in
HNSCC, different oral microbial signatures have been reported.[13-18] More importantly,
current reports on human oral microbiota are limited by their descriptive nature, and
therefore, little data exist concerning the functional role(s) of altered oral microbiota in
HNSCC pathogenesis.

In this study, we aimed to identify and validate oral microbial signatures in saliva of
treatment-naive HNSCC patients vs. control subjects without HNSCC. Microbial signatures
were then correlated with clinical pathological and demographic information of patients.
Furthermore, we report the first /77 vivo studies testing the functional role of oral microbiota
in HNSCC, through both antibiotic depletion of microbiota in a 4ANQO induced HNSCC
mouse model and reconstitution of tumor-associated microbiota in a germ-free HNSCC
mouse model. The microbiome can act through myriad mechanisms to alter nutritional,
physiological, and immunological processes involved in tumorigenesis. Activation of the
aryl hydrocarbon receptor (AhR) pathway[19, 20] by xenobiotic chemicals[19, 21-23] and
commensal bacterial metabolites[24—27] has emerged as an important modulator of both

Oncogene. Author manuscript; available in PMC 2022 July 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Frank et al.

Results

Page 3

autoimmune disease and cancers, through its immunosuppressive activity.[19-21, 28, 29]
Indeed, elevated AhR mRNA has been documented in 320 primary OSCCs in the TCGA
database.[30] AhR responds to microbially generated tryptophan (TRP) metabolites, such as
indole species produced by Lactobacillus spp., which were elevated in relative abundance in
HNSCC cases. Because altered microbiota may contribute to HNSCC through activation of
AhR and promotion of an immunosuppressive tumor microenvironment, we examined AhR
expression in human HNSCC tumor specimens and controls and also assessed the effects of
antibiotic exposure on AhR expression in a murine model of HNSCC.

Subject characteristics.

We conducted a cross-sectional study of saliva-associated microbiota in previously-archived
specimens. As summarized in Table 1, saliva samples were collected from 78 healthy
controls (CON), along with treatment-naive cases of oral squamous cell carcinoma (OSCC,
n = 19), oropharyngeal squamous cell carcinoma (OPSCC, n = 15), and laryngeal squamous
cell carcinoma (LSCC, n = 7); two additional cases were lacking information on tumor
location. Bacteria were profiled in saliva samples by broad-range 16S rRNA gene PCR
amplification and Illumina amplicon sequencing of the VV1V2 variable region. The Goods
coverage index was = 99.9% for all samples, indicating excellent depth of sequence
coverage.

Human HNSCC cases and non-HNSCC controls differ in oral microbiota.

Oral microbiota of both HNSCC cases and controls (Fig. 1) were dominated by diverse
bacteria belonging to the phyla Actinobacteria (e.g., Actinomyces), Bacteroidetes (e.g.,
Prevotella), Firmicutes (e.g., Streptococcus, Veillonella), Fusobacteria (e.g., Leptotrichia),
and Proteobacteria (e.g., NVeisserid). Initial univariable PERMANOVA tests (Table 2) found
significant associations between overall oral microbiota composition (i.e., beta-diversity)
and HNSCC occurrence (CON vs HNSCC; p < 1e-06), tumor location (CON vs. OSCC vs.
OPSCC vs. LSCC; p < 1e-06), age (stratified by decade; p = 5.1e-05), biological sex (p =
0.077), and smoking history (never vs. ever smokers; p = 8.0e-05). Drinking history was

not significant (p = 0.64). Multivariable models indicated that both HNSCC occurrence and
tumor location were highly significant (p < 1e-06 for each variable) after adjusting for age,
biological sex, and smoking history (Fig. 1A). Age also remained significant in these models
(p < 0.05), while biological sex (p = 0.96) and smoking history (p = 0.26) did not reach
significance. Finally, among HNSCC cases, no associations were noted between HPV status
(p = 0.50), node stage (p = 0.55), or tumor size (p = 0.40) with beta-diversity (Table 2).
Consequently, the subsequent analyses were adjusted for age but not for other variables such
as HPV status, biological sex, or smoking history.

Analysis of HNSCC cases stratified by tumor location revealed significant differences in
beta-diversity between controls and each tumor location (p < 0.001; Fig. 1A). In contrast,
only OSCC and OPSCC groups differed (p = 0.050) in pairwise comparisons of the three
tumor sites. When HPV, tumor stage, and node stage were analyzed stratified by tumor
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location, the only significant finding was that OSCC cases differed in beta-diversity by node
stage (unadjusted p = 0.053; age adjusted p = 0.034; Table 2).

In support of the PERMANOVA results, principal coordinates analysis (PCoA) indicated
that controls clustered separately from cases, regardless of tumor location (Fig. 1B).
Qualitatively, the PCoA plots indicated a greater spread of datapoints across the cases,
compared to controls. Consequently, we next tested the multivariate dispersion (variance) of
the microbiota data. Case and control groups differed significantly in intra-group dispersion
(BETADISPER p < 0.001), with cases exhibiting greater heterogeneity (i.e., elevated beta-
diversity) than cases (Suppl. Fig. 1).

Among indices of alpha-diversity, ANOVA results indicated that evenness and Shannon
diversity were significantly decreased in cases, compared with controls, while no differences
were observed in richness (Fig. 2). Similar to the heterogeneity observed in beta-diversity,
we noted significantly greater variability in evenness (p = 0.00088) and Shannon diversity
(p =0.0054) scores of cases compared to controls (evaluated by Levene’s test). When cases
were stratified by tumor location, only LSCC and controls differed significantly in evenness
and Shannon diversity. Although OSCC and OPSCC cases exhibited reduced diversity
compared with controls, the differences did not reach statistical significance (Fig. 2).

Individual taxa differ by HNSCC occurrence and tumor location.

To identify individual taxa differing in relative abundance between subject groups, we used
the ANOVA-like differential expression (ALDEX2) R package,[31, 32] which considers

the compositional nature of microbiota datasets. Of the 104 genus-level taxa included

in the microbiome analysis, 20 differed significantly in relative abundance (FDR <0.05;
Fold-change =2) between HNSCC cases and controls (Fig. 3A). Eleven of these taxa

were more abundant in cases than in controls, with Lactobacillus, Ochrobactrum, and
Parvimonas exhibiting the largest effect sizes (Fig. 3B). Eight taxa, including Neisseria,
Phyllobacterium, and unclassified Neisseriaceae were of greater relative abundance in cases
compared to controls (Fig. 3B). We confirmed these results using three complementary
approaches: sparse partial least squares discriminant analysis (SPLS-DA[33, 34]), logistic
regression with lasso (glmnet[35]), and random forest classification.[36, 37] Substantial
overlap was observed between the sets of discriminatory taxa identified by these analyses, as
well as the results of ALDEx2 (Fig. 3C, Suppl Fig. 2). Overall, these four analytic methods
identified three taxa with increased abundance in cases (Lactobacillus, Mesorhizobium, and
Ochrobactrum) and three taxa with reduced abundances in cases (Nefsseria, Lautropia, and
Phyllobacterium).

Among OSCC and OPSCS cases, 20 and 4 taxa, respectively, were significantly altered
in relative abundance (FDR <0.05; Fold-change =2) compared with controls (Suppl. Figs.
3 and 4). Although no taxa met the criterion of FDR <0.05 for LSCC vs. controls,
Lactobacillus, Neisseria, Phyllobacterium, and unclassified Nefsseriaceae all had nominal
p-values <0.05 (Suppl. Figs. 3 and 4). Using a reduced stringency p-value cutoff of <0.05,
4 taxa were differentially abundant in all three tumor locations compared with controls:
Lactobacillus, Neisseria, Phyllobacterium, and unclassified Neisseriaceae (Fig. 4).
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Consistent with the relatively small differences in beta-diversity observed between tumor
locations, few taxa differed significantly (nominal p-values <0.05) in abundance between
tumor locations (Suppl. Fig. 5). Nevertheless, SPLS-DA was able to discriminate between
tumor locations on the basis of oral microbiota (Suppl Fig. 6). The first discriminant axis
separated LSCC from OSCC and OPSCC cases, while the second and third axes further
separated OPSCC from OSCC and LSCC cases. The relative abundances of numerous
taxa were correlated with values along these axes. For instance, Acinetobacterwas a

key discriminator of LSCC cases along axis one. Similarly, Scardovia, Haemophilus, and
Lautropiahad the highest loadings along axis, separating OPSCC from the other tumor
locations.

Species-level differences in oral microbiota among HNSCC cases and controls.

In concordance with our results, previous studies have identified enriched Lactobacillus{13,
14, 16, 38, 39] and diminished Neisseria[14, 15, 39, 40] as common changes in saliva

or tissue of HNSCC patients compared with controls. Consequently, all 16S rRNA gene
sequences that were classified as Lactobacillus or Neisseriawere further differentiated into
species-level clusters, as detailed in the Methods section. Multiple Lactobacillus species
were of significantly greater relative abundance in HNSCC cases, including the L. johnsoniif
gasseri complex, L. fermentum, L. rhamnosus, and L. vaginalis (Fig. 5). Conversely, N.
subflava, N. oralis, and N. mucosa were elevated in relative abundance in the control group,
compared to HNSCC cases. The relative abundances of L. johnsoniijgasseriand N. subflava
were consistently observed to be elevated or diminished, respectively, in all three tumor
locations compared to controls (Suppl. Fig. 7).

Antibiotic treatment significantly reduces tumor development in mice.

To determine the functional consequences of the microbiome in HNSCC pathogenesis,

we utilized a 4NQO-induced oral SCC (OSCC) mouse model (N=12), which produces

a temporal pathogenesis that histopathologically and molecularly mimics human tobacco-
related HPV(-) OSCC (Fig. 6A). We treated 4NQO-induced HNSCC mice (N=12) with
an antibiotic (Abx) cocktail from 6-38 wks of age, when mice were euthanized. Reduced
bacterial loads were confirmed by 16S bacteria PCR (Fig. 6B). Tumor formation and size
were significantly reduced in the tongues of Abx-treated mice (Figs. 6C, D) and confirmed
by histologic analysis of tumor sections (Fig. 6E). These results highlight the critical
requirement of microbiota in HNSCC pathogenesis and allows for the interrogation of
microbiome function in both the onset and promotion of HNSCC.

To test if the 4ANQO-mouse model reflects the dysbiosis characteristic of human HNSCC,
we plated saliva collected from 4NQO-tumor-bearing mice and non-tumor bearing, control
mice on media selective for lactic acid bacteria (MRS). Colonies were more numerous in
the tumor-bearing group compared to water controls (p = 0.0063; Fig. 6F, G). PCR validated
these colonies as Lactobacillus spp. (Fig. 6H). Thus, the 4ANQO-OSCC mouse model
recapitulated a key microbiological feature discovered in our survey of human HNSCC.

Oncogene. Author manuscript; available in PMC 2022 July 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Frank et al.

Page 6

Potential activation of AhR in human and murine HNSCC.

As introduced above, microbial Tryptophan metabolites produced by Lactobacillus and
other gut microbes, can influence systemic immunity though AhR-mediated signaling. To
examine AhR expression in HNSCC, we performed immunohistochemistry on 47 human
HNSCC tumors (19 OSCCs, 18 OPSCCs, and 10 LSCCs) and 41 normal oral mucosa
specimens. Activation of AhR (nuclear staining) was evident in 70.2% (33/47) of tumors
(Fig. 7A), but only 12.2% (5/41) of controls (Chi-squared p<0.05). Positive cases were
found in 73.7% (14/19) of OSCC, 72.2% (13/18) of OPSCC, and 60.0% (6/10) of LSCC.
Although moderately higher in OSCC and OPSCC than in LSCC, the difference did not
reach statistical significance. Similarly, activated AhR was observed in five out six 4ANQO-
OSCCs, but was significantly diminished in the four out of five tumors developed upon Abx
treatment (Fig. 7B), suggesting that microbiota activate AhR (Chi-squared p<0.05).

Tumor development is reduced in germ-free mice but promoted through reconstitution of
OSCC-associated microbiota.

To further evaluate whether altered microbiota actively contribute to HNSCC pathogenesis,
we compared HNSCC development and progression between germ-free (GF) mice and
special pathogen-free (SPF). To shorten the time requirement for tumor development in

the GF facility, we used a tongue SCC orthotopical mouse model by injection of murine
tongue SCC cell line, Cul10, into the tongues of syngeneic C57BL6 mice.[41, 42] The first
experiment included 8 SPF and 8 GF mice (each group included 4 males and 4 females).
Equal numbers of Cul10 cells were injected on the same day into both GF and SPF mice.
GF mice had a significantly prolonged survival compared with SPF mice (median survival
of 17.5 vs. 8.5 days, p < 0.0001; Fig. 8A). In a second experiment, SPF (N = 10, 5 male, 5
female) and GF (N = 10, 5 male, 5 female) mice were again injected with equal numbers of
Cul10 cells, but mice were euthanized on the same day (4 weeks post-injection) to compare
tumor sizes. Tumors were visibly larger (Fig. 8B) and of significantly larger volume (Fig.
8C) in the SPF compared with the GF group.

To explore the impact of microbiome reconstitution on tumor development, we
orthotopically injected 10° Cu110 cells into SPF colonized mice. Saliva and cecal contents
were harvested 4 weeks after injection when visible OSCCs developed. Saliva and cecal
slurries were prepared from 4 tumor-bearing and 4 tumor-free mice (each group included 2
males and 2 females) and used to inoculate age- and gender-matched recipient GF mice (1::1
donor::recipient). One week later, 105 Cu110 cells were injected orthotopically into these
ex-GF mice, along with 4 non-reconstituted GF mice (2 males and 2 females). Mice were
harvested two weeks later when requested by IACUC due to cancer severity in some mice.
Tumors were appreciably larger in recipient mice inoculated from tumor-bearing mice (Fig.
8D, upper row of stained tissues and Fig. 8E), compared to those inoculated from tumor-free
(Fig. 8D, middle row and Fig. 8E) or control (Fig. 8D lower row and Fig. 8E) mice.

Discussion

Although smoking, alcohol intake, and human papillomavirus (HPV) infection are linked to
HNSCC, only a small proportion of individuals exposed to these factors develop HNSCC
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and not all cases progress.[2] Additional environmental or host factors must also contribute
to the risk and severity of HNSCC. Dysbiosis has been associated with pathogenesis

in several cancer types.[5, 43-48] Recent findings have also demonstrated the influence

of gut microbiota on the efficacy of immunotherapies.[49-51] In the case of HNSCC,

poor oral hygiene may facilitate microbial overgrowth or alter the composition of oral
microbiota, resulting in disruption of immune homeostasis. Inflammation may, in turn,
alter the types of microbes inhabiting the oral niche and thereby perpetuate dysbiosis.
Bacteria have been detected in HNSCC #ssue through both microbiological culture[38]
and 16S rRNA sequencing.[52] In addition, oral microbiota profiled in sa/ivaof HNSCC
patients have consistently demonstrated differences when compared to controls.[13-18]

In this study we confirmed and extended these previously-reported associations between
microbiota and human HNSCC, applying several machine-learning tools to fully mine

the microbiome dataset. Furthermore, using murine HNSCC models we experimentally
documented the functional importance of the microbiota in promoting HNSCC development
and/or progression.

Our analyses of human saliva specimens found highly significant differences between the
microbiotas of non-HNSCC controls and treatment-naive HNSCC cases. HNSCC-associated
dysbiosis was evident through analyses of beta-diversity, alpha-diversity, and differentially
abundant taxa. Analyses of both alpha- and beta-diversity indicated that the oral microbiotas
of HNSCC cases were significantly more variable than those of controls (e.g., Fig. 1B,
Suppl Fig. 1). We interpret these results to indicate that, in cancer, the immune/physiological
homeostatic processes that normally constrain the types of microorganisms inhabiting the
oral cavity have been disrupted, thus resulting in greater person-to-person variability in
bacterial profiles across HNSCC cases. Furthermore, significant dysbiosis was observed
between controls and HNSCC cases stratified by tumor location (OSCC, OPSCC, LSCC).

In contrast, differences in oral microbiota between cancer locations (7.e., OSCC vs. OPSCC
vs. LSCC) were much less prominent, likely due, in part, to the small number of samples
analyzed for each location (n = 7-19) in this convenience sample set. More robust sampling
will be required to test the hypothesis that oral microbiotas differ by cancer location. Neither
node stage nor tumor size was significantly associated with oral microbiota across all cases,
although both variables trended towards significance in OSCC (p = 0.053) and OPSCC (p =
0.072) cases, respectively.

As has been previously reported, HNSCC occurrence was accompanied by elevated
Lactobacillus species and diminished Neisseria species, compared with controls.[13-16,
18, 38-40] These two genera, along with Phylobacterium and an unclassified genus of the
family Neisseriaceae were consistently found to be differentially abundant in comparison
of controls to OSCC, OPSCC, and LSCC cases. Taxa that were positively associated

with HNSCC represent potentially cancer-promoting microorganisms, while those that
were negatively associated with HNSCC potentially are protective microbes. Overall, the
consistency and reproducibility of results across multiple studies suggests that microbiota
profiling of saliva may provide a robust means of detecting HNSCC cases through
population-based screening. In contrast, few differences in oral microbiota were noted
between tumor locations or in association with HPV status or tumor severity. As discussed
below, these results may have been limited by the size of the patient population.
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The mechanisms and specific HNSCC stage(s) at which the microbiome exerts cancer-
promoting activities are unknown. Microbes are likely to promote carcinogenesis and
progression through multiple mechanisms, including production of carcinogens and
immunosuppressive metabolites.[5, 46, 53-56] A potential link between dysbiosis and
HNSCC is suggested by our finding that antibiotic administration prevents or delays
induction of the murine Ahr pathway.[19, 20] AhR activation is a critical pathway in

both autoimmune disease and cancers,[19-21, 28, 29] including OSCC, that promotes
migration and enrichment of cancer stem cells.[30, 57] Because AhR responds to microbial
tryptophan (Trp) metabolites (e.g., indoles[25, 27, 58-61]), altered microbiota — such as
elevated Lactobacillus spp. -- may promote HNSCC through AhR activation. Of note,

the host-encoded enzyme indoleamine 2, 3-dioxygenase 1 (IDO1) not only is a potent
activator of AhR, through its conversion of Trp to kynurenine, but also a target of AhR
transcriptional activation, thus forming a positive feedback loop suppressing immunity.

We hypothesize that enrichment of specific bacterial taxa, such as Lactobacillus spp.,
circumvents the effects of IDO1 inhibition by increasing circulation of microbially-produced
Trp metabolites, which act as cancer-promoting AhR activators. Indeed, increased gut
Lactobacillus spp. are associated with melanoma patients who do not respond to the

PD-1 inhibitor Pembrolizumab.[62] Interestingly, Lactobacillus were enriched in the gut
of /DO1-/-mice,[27] suggesting reciprocal interactions between the microbiota and the
host Trp metabolism.

Several limitations to this current study should be noted. Analyses were performed on a
convenience set of archived specimens and were thus limited by the patients represented by
the available samples. The sample size allowed a detailed comparison of oral microbiota in
human HNSCC cases and non-HNSCC controls but likely was too limited to perform more
stratified analyses that would have uncovered features of saliva microbiota associated with
specific tumor locations, HPV status, or other clinical/demographic variables (e.g., smoking
and drinking histories). Furthermore, the cross-sectional study design used to analyze human
subjects in this study limited our ability to distinguish potentially pathogenic changes in

oral microbiota occurring prior to disease onset from those occurring subsequent to HNSCC
development. Thus, the disease-modifying role of dysbiosis in human subjects remains to be
determined.

Nevertheless, the results of our murine experiments, conducted in both 4ANQO and SOMM
models, clearly indicate that changes in the microbiome contribute to the Kinetics or
severity of HNSCC. The microbiome can impact upon myriad mechanisms, at both the
local and systemic levels, to alter nutritional, physiological, and immunological processes
involved in tumor initiation, progression, and response to therapy.[45, 63-69] However, both
the antibiotic cocktail and germ-free conditions used in our study reduced or eliminated
microbial burdens systemically, not just in the oral cavity. Consequently, we could not
pinpoint the anatomic site(s) at which microbiota modified HNSCC risk in these mouse
models. Furthermore, the temporal stage(s) at which dysbiosis contributed to HNSCC have
not yet been precisely delineated. Our finding that microbiome ablation delayed tumor
development in SOMM experiments, which entailed injection of pre-established tumor cells,
implies that stages subsequent to tumor initiation can be modified by the microbiome
(whether oral or extra-oral). Although the 4ANQO model encompasses both tumorigenesis
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and tumor progression, antibiotics were administered throughout the experiment (Fig. 6),
prohibiting our ability to differentiate the effects of the microbiome on HNSCC initiation
vs. progression. Finally, we did not conduct a comprehensive analysis of murine microbiota
in these studies because the relatively small number of co-housed animals included in each
treatment group precluded a meaningful analysis. Efforts to characterize the occurrence,
timing, and relevant anatomic site (7.¢e., oral vs. extra-oral) of dysbiosis more fully in
association with cancer development in our mouse models are ongoing.

Despite the limitations of this study, we provide compelling evidence from both human
patients and well-characterized mouse models that dysbiosis accompanies, and likely
promotes, cancers of the head and neck. Additional studies are required to delineate
precise mechanisms linking local and systemic changes in microbiota to HNSCC. Greater
understanding of these mechanisms may lead to urgently needed prevention and treatment
strategies to mitigate a disease of substantial worldwide burden.

Microbiota Profiling.

Microbiome profiling of human saliva was performed under protocol #16-1794 approved
by the COMIRB. Informed consent was obtained from all subjects. DNA was prepared
from human saliva using the QiaAmp DNA mini kit (Qiagen, Hilden, Germany).

Bacterial 16S rRNA genes were amplified from saliva DNA samples using primers

specific for the V1V2 region (27FYM 5’-AGAGTTTGATYMTGGCTCAG and 338R 5’-
TGCTGCCTCCCGTAGGAGT), as previously described.[70, 71] PCR amplicons were
normalized and pooled using a SequalPrep Normalization Plate Kit (Invitrogen) and pools
quantified using a Qubit® 2.0 Fluorometer (Invitrogen, Waltham, MA, USA). Paired-end
sequencing was conducted on the Illumina MiSeq platform using the 600 cycle v3 kit.
Sequences were quality-filtered and classified using the SINA/SILVA platform[72—74] as
previously described.[70, 71] This process generated a median of 145,160 sequences/sample
(IQR: 129,733 — 162,230) for 121 human samples; in contrast, 8 negative control specimens
generated a median of 184.5 sequences/control (IQR: 132 — 333). All libraries had a Goods
coverage score = 99% at the rarefaction point of 54,531 sequences (the read count of the
smallest patient library).

To classify Lactobacillus and Neisseria sequences to the species level, we pre-computed
within- and between-species distances for all Lactobacillus and Neisseria 16S rRNA gene
sequences derived from genomic reference sequences available in SILVA,[74] using only
the subsequences bounded by the VV1V2 primer pair. Each sequence within the subject
dataset was then aligned to this species-specific reference sequence dataset using SINA[72]
and pairwise positional differences were enumerated. Any query sequence that fell within
the intra-group distance cutoff defined for a given Lactobacillus or Neisseria species was
operationally classified to that species. This conservative process required that the MiSeg-
derived sequences were essentially exact matches to the genomic subsequences in order to
achieve a given species-level attribution. For species such as L. gasseriand L. johnsoni,
which could not be differentiated from each other based on this approach, we operationally
collapsed taxa into species clusters (e.g., L. gasseril johnsonii).
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ANQO-OSCC mouse model and antibiotics treatment.

All animal experiments were performed in accordance with a protocol (#471) approved

by the Institution Animal Cancer and Use Committee of University of Colorado Anschutz
Medical Campus. Equal numbers of males and females were randomized to test groups.
6-weeks old C57BL6 mice (Jackson lab, Bar Harbor, ME USA) were treated with a final
concentration of 50 ug/ml 4NQO (Sigma, St. Louis, MO USA) dissolved in propylene
glycol and prepared in drinking water for 16 weeks as we previously described. Treatment
of mice with antibiotics was done by placing 0.5 mg/ml vancomycin and 1 mg/ml each

of ampicillin, metronidazole, and neomycin (Sigma, St. Louis, MO USA) ad libitum in
drinking water supplemented with 20 mg/ml grape-flavored sugar-sweetened Kool-Aid
(Kraft Foods, Deerfield, IL USA). Untreated mice were provided drinking water with
Kool-Aid alone. Saliva was collected by i.p. injection of 1 mg/kg carbachol (Sigma,

St. Louis, MO USA), and aspirated from the lower cheek punch using a suction device.
[75] Tumor development was assessed grossly twice a week until sacrifice, as previously
described.”4:84-86 At sacrifice, tumor incidence, number, weight, and size were recorded.
Tumor tissue, adjacent tongue, and buccal tissues were collected for histopathology. Tumor
volume was calculated according to the formula: volume (mm3) = [length x (width x2)])/2.
The criteria for animal exclusion were: 1) Body loss over 20% and/or 2) Anergic or hunched
position.

Bacterial Culture.

Saliva collected from tumor-bearing and control mice were plated on De Man, Rogosa, and
Sharpe (MRS) agar (Thermo Fisher Scientific, Waltham, MA USA) and incubated overnight
at 37C.

Bacterial Quantification.

Lactobacillus spp. and total bacterial loads were quantified by qPCR of DNA

samples as described.[76] Lactobacillus quantification[77] used the primers LactoF (5’
TGGAAACAGRTGCTAATACCC) and LactoR (5 GYCCATTGTGGAAGATTCCC). Total
bacterial load quantification[78] used forward (5 TCCTACGGGAGGCAGCAGT) and
reverse (5 GGACTACCAGGGTATCTAATCCTGTT) primers along with an internal

probe (5’-FAM-CGTATTACC-ZEN-GCGGCKGCTGGCAC-IABKFQ). Oligonucleotides
were purchased from Integrated DNA Technologies (Coralville, lowa, USA).

Germ-free mouse and reconstitution experiment.

Orthotopic OSCC mouse model was applied to compare tumor development in mice

hosted in germ-free (GF) and special pathogen free (SPF) facilities. In brief, 1075

Cul10 cells (established from tumors of the PIK3CA transgenic mouse) as we described
previously[41, 42] were orthotopically injected into tongues of 6-8-week-old C57BL6 mice.
Equal numbers of males and females were randomized to test groups. For reconstitution
experiment, Saliva and cecal contents were harvested 4 weeks after injection of CU110 cells
in SPF mice when visible OSCCs developed. Saliva and cecal slurries were prepared from

4 tumor-bearing and 4 tumor-free mice in SPF mice and used to inoculate age and gender
matched recipient GF mice (1::1 donor::recipient) once for three consecutive days. One
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week later, 1075 Cul10 cells were injected orthotopically into these ex-GF mice, along with
4 non-reconstituted GF mice. Mice were harvested and tumor and control tissues collected at
the end of study.

Immunohistochemistry.

Immunohistochemistry was performed on formalin-fixed paraffin-embedded tissue slides
according to the protocol we described previously.[41] The primary antibody was anti-Ah
Receptor antibody (#sc-133088, Santa Cruz Biotechnology, Dallas, TX, USA) at 1:100
dilution.

Statistical analysis.

The software packages R (v3.6.3),[79] Explicet (v2.10.5),[80] and GraphPad prism

(v9.0.2) were used to analyze and visualize data. For microbiome analysis, differences

in overall composition (i.e., beta-diversity) were assessed through permutational ANOVA
(PERMANOVA[81, 82]) with the Aitchison dissimilarity index. PERMANOVA p-values
were inferred through 10° label permutations and FDR-corrected[83] when multiple
pairwise tests were performed. Between-group differences in the homogeneity of
microbiotas were evaluated with the vegan betadisper and permutest functions[82] using

the Aitchison dissimilarity index; p-values were derived using 10 label permutations,

with the TukeyHSD test applied to variables with multiple levels. Alpha-diversity indices
(i.e., Sgbs, Shannon H, Shannon H/Hmax) were assessed by ANOVA,; p-values were FDR-
corrected[83] when multiple pairwise tests were performed. Between-group differences in
the homogeneity of alpha-diversity values were evaluated by Levene’s test (R leveneTest
function[84]). PERMANOVA and ANOVA were performed on the main outcomes (HNSCC
occurrence and location) both as one-way tests and adjusting for age or sex. Individual

taxa differing between treatment groups were identified using the ANOVA-like differential
expression (ALDEXx2) R package.[31, 32] The distribution of taxa in each sequence library
was estimated through 1000 Dirichlet Monte Carlo re-samplings of sequence count data.

To account for the compositional nature of microbiome sequence data, datasets were

then subjected to a center log-ratio (CLR) transformation with all features used as the
denominator. Either nominal or FDR-corrected p-values are reported, as indicated in the
text and figures. Effect size plots are derived from the outputs of ALDEX2 and represent

the median effect sizes, calculated as the median between-group difference in CLR values
between groups divided by the largest within-group difference in CLR values.[31, 32]
Principal coordinates analysis was carried out using Aitchison dissimilarities and the

vegan wcmdscale function. Logistic regression, feature selection, and classification were
performed using the R glmnet package [35] with alpha = 1 to select lasso variable selection
and 10-fold cross-validation; center log-ratio transformed microbiota data were used for this
analysis. Sparse partial least squares discriminant analysis (sPLS-DA) used the tune.splsda
function of the R mixOmics package[34] with the logratio option set to “CLR” to center
log-ratio transform count data. Random forest classification used the tuneRF function
(ntreeTry=1000, stepFactor=1.5, improve=0.01) of the randomForest R package[37] applied
to percent relative abundance microbiota data. Results of mouse experiments were evaluated
by Student’s t-test (categorical vs. continuous variables), Chi-squared test (two categorical
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variables), or Mantel-Cox test (survival analysis) as indicated in the text. Investigators were
not blinded to group allocations for either human subjects or animal studies.

Animal number justification.

Based on published reports[85] and our experience[41], we expected all animals to survive
until the endpoint and that all 4ANQO-treated mice or orthotopic OSCC mouse model would
develop OSCCs. Congruent with published estimates for sample size in microbiome studies,
eight mice per group allowed 90% power to detect an effect size of 5% explained variance
across all omics (w? of 0.05). Thus, treatment groups initially included at least 8 animals.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Oral microbiotas differ between HNSCC cases and non-HNSCC controls.
Panel A. Percent relative abundance (%RA) of genus-level taxa, stratified by HNSCC

occurrence and tumor location. Taxa with %RA less than 1% were collapsed into the
“Other” category. Results of PERMANOVA tests are summarized above each plot for
tests across all groups (red lines/symbols) and pairwise tests (blue lines/symbols). Panel
B. Principal coordinates analysis. Individual subjects are indicated by smaller symbols
(circles/squares/diamonds/triangles), with group affiliations designated by symbol shapes
and color-coding. Mean PC values for each group along the x- and y-axes are indicated by
larger shapes, with 95% confidence intervals about the means marked by whiskers.

Oncogene. Author manuscript; available in PMC 2022 July 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Frank et al. Page 18

Richness Evenness Shannon Div.
100+ 1! - KKk * %
, .
80 0.6
£ z
HNSCC o T s
-8 € 054 c
Occurrence @& - Q0. g £ 3-
c £ 8
c 7]
o 2
= & 0.4+ A
40+
2 8
o] 0'3_ 8 o]
% 50,001 o - ©
DD prmmm s s o S e e S R i S e i S i e S i B it e
*. p<0.05
Richness Evenness Shannon Div.
100+ o F—T%‘lﬁ r—r%r—| :4 Groups
0.7+ —— o5 ' |:Pairwise
% o)
©
80- £ 44
Tumor é I 067 Q T
- ® T 5
Location 2 c c
B 60- 2 05- 8.
c 8 < o
= (7)) e] o
o s 7
0.4+
40 e ¥
) 2- o
o] 0-3_ (o) o
0 O 0O O O 0O O O
O O O O o O O O o O O
@) 06 OQ% V% (@) o% OQQ \‘;o (@) 06 626 V%v

Figure 2. Alpha-diversity indices differ between HNSCC cases and non-HNSCC controls.
Boxplots show distributions of alpha-diversity indices by HNSCC occurrence (top panels)

and tumor location (bottom panels). Results of ANOVA tests are summarized above each
plot for tests across all groups (red lines/symbols) and pairwise tests (blue lines/symbols).
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Figure 3. Differentially abundant taxa between HNSCC cases and non-HNSCC controls.
Panel A. Volcano plot of fold-change (FC; Log2 transformed) vs FDR-corrected p-values

(-Log10 transformed) ascertained by ALDEX2 analysis Vertical and horizontal dashed
lines represent cutoffs of FC =2 and FDR-corrected p-value <0.05, respectively. Panel B.
ALDEXx2-calculated effect sizes of taxa meeting FC and p-value cutoffs. Panel C. Overlap
in influential taxa identified through multiple analytic methods. In all three panels, taxa
enriched in cases compared to controls are highlighted in red with FC and effect sizes
greater than zero, while taxa enriched in controls are highlighted in blue with FC and effect

sizes less than zero.
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Figure 4. Overlap in taxa differentially abundant between non-HNSCC controls and different

tumor locations.

Taxa that were differentially abundant between each of the three tumor locations (7.e.,
OSCC, OPSCC, LSCC) and controls were identified through ALDEX2 analysis. The Venn
diagram shows the overlap in taxa identified in the three analyses, including four taxa that
were found in common (identified in the box). “/Ne/sseriaceae other” represents taxa that
could not be classified to the genus-level. Taxa enriched in cases compared to controls are
colored red, while those enriched in controls are colored blue.
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Figure 5. Differential abundance of Lactobacillus and Neisseria species in HNSCC cases and

controls.

Panel A. Volcano plot of fold-change (FC; Log2 transformed) vs FDR-corrected p-values
(-Log10 transformed) ascertained by ALDEXx2 analysis Horizontal and vertical dashed
lines represent cutoffs of FC =2 and FDR-corrected p-value <0.05, respectively. Panel B.
ALDEXx2-calculated effect sizes of taxa meeting FC and p-value cutoffs. In both panels, the
control group served as the reference, such that taxa enriched in controls are assigned FC
and effect sizes <0 and are displayed to the left and colored blue. Taxa enriched in cases
have FC and effect sizes >0 and are displayed to the right and colored red.
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Fig. 6. Reduced tongue tumor formation and size upon antibiotic (Abx) treatment.
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Panel A. Timeline of 4ANQO-OSCC pathogenesis and Abx treatment. Panel B. 16S bacterial
gPCR, Abx: antibiotics. Panels C and D. Ablation of microbiota by antibiotics (Abx)

in the 4NQO maodel diminishes the size of tongue tumors. Dashed lines denote tumor

margins. Scale bar: 10mm. **; p<0.01 for Student’s t-test. Panel E. H&E staining of tongue
tumors without (i, ii) or with (iii, iv) Abx reveals decreased size and depth of invasion in
Abx-treated mice. Scale bar: 50 pm. Panels F, G, H. Enrichment of lactic acid bacteria

in saliva of 4ANQO-OSCC mice compared to controls. F. Representative MRS agar plates
showing more colonies in the OSCC saliva. G. Quantification of colonies (N=3). **: p<0.01
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for Student’s t-test. Plot summarizes meanzs.d. values for each group. H. Representative
figure of MRS colony validation using Lactobacillus PCR.
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Fig. 7. Aryl-hydrocarbon Receptor (AhR) expression in human and murine HNSCC.
Immunohistochemical staining of AhR in human HNSCC (Panel A) and murine 4NQO-

OSCC (Panel B) tumor tissues. Nuclear staining (dark brown) denotes AhR activation.
Dashed lines delineate epithelial and stromal boundaries. Scale bar: 50 um. Panel C.
Summary of AhR staining results. Ahr positivity represents the percentage of tumors
(human or murine) with detectable AhR staining. The number of specimens analyzed for
each group is shown below the barchart. *: p<0.05 for Chi-squared test.
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Fig. 8. Effects of microbiome on tongue tumor development in germ-free and reconstitution
conditions.

Panel A. Kaplan-Meier survival curve of SPF and GF mice receiving tongue injection of
the murine Cu110 HNSCC cell line (n = 8 for each group). SPF: specific pathogen free,

GF: germ free. P-value determined by Mantel-Cox test. Panel B. Gross pathology of tongue
tumors in syngeneic orthotopic mouse model (SOMM) hosted in SPF and GF conditions (n
=10 for each group). Dotted circles and arrows indicate visible tongue tumors. Scale bar:
10 mm. Panel C. Quantification of tongue tumor volumes from the experiment in panel

B. *: p<0.05 for Student’s t-test in comparison to SPF group. Panel D. H&E staining of
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tongue tumor development in GF mice reconstituted from tumor-bearing donor mice (upper
row of tissues, n = 4 donor/recipient pairs) compared with reconstitution from tumor-free
donor mice (middle row of tissues, n = 4 donor/recipient pairs) or non-reconstituted GF mice
(lower panel of tissues, n = 4). Tumors are indicated by dashed oval lines. Scale bar: 5 mm.
Panel E. Quantification of tongue tumor volumes from the experiment in panel D. *: p<0.05
for Student’s t-test comparisons to (+) Tumor donor group.
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Table 1.

Demographic and clinical/pathological information for study participants

CASES
CONTROLS
ALL CASES oscc OPSCC LSCC
N 78 43 19 15 7
Age (meanzsd; yrs) 51.9+15.9 61.2+11.4 62.0 +12.8 57.3+7.3 63.6 +9.1
Male | 28/76 (36.8%) 28/43 (74.4%) 11/19 (57.9%) 13/15 (86.7%) 6/7 (85.7%)
Never Drinker | 26/77 (33.8%) 10/42 (23.8%) 7/18 (38.9%) 2/15 (13.3%) 0/7 (0.0%)
Never Smoker | 44/77 (57.1%) 8/43 (18.6%) 3/19 (15.8%) 3/15 (20.0%) 1/7 (14.3%)
0osccC nal 19/41 (46.3%) 19/19 (100%) 0/15 (0%) 0/7 (0%)
OPSCC na 15/41 (36.6%) 0/19 (0%) 15/15 (100%) 0/7 (0%)
LSCC na 7141 (17.1%) 0/19 (0%) 0/15 (0%) 717 (100%)
HPV Pos. na 13/35 (37.1%) 3/14 (214%) 8/14 (57.1%) 2/6 (33.3%)
NO: 14/41 (34.1%) | NO:10/17 (58.8%) | NO: 2/15 (13.3%) | NO: 1/7 (14.3%)
N1: 4/41 (9.8%) N1: 1/17 (5.9%) N1: 3/15 (20.0%) N1: 0/7 (0.0%)
Node Stage na
N2: 22/41 (53.7%) | N2:6/17 (35.3%) N2: 10/15 (66.7%) | N2: 5/7 (71.4%)
N3: 1/41 (2.4%) N3: 0/17 (0.0%) N3: 0/15 (0.0%) N3: 1/7 (14.3%)
T1:11/40 (27.5%) | T1:8/17 (47.1%) | T1:3/15(20.0%) | T1:0/0 (0.0%)
T2:12/40 (30.0%) | T2: 4/17 (23.5%) T2: 7/15 (46.7%) T2: 0/0 (0.0%)
Tumor Size na

T3: 9/40 (22.5%)

T3: 0/17 (0.0%)

T3: 4/15 (26.75%)

T3: 5/7 (71.4%)

T4: 8/40 (20.0%)

T4: 5/17 (29.4%)

T4: 1/15 (6.7%)

T4: 2/7 (28.6%)

'Zna: not applicable
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Associations (PERMANOVA tests) between clinical variables and oral microbiota composition in treatment
naive HNSCC cases and controls

1
CASES
ALL SUBJECTS | CONTROLS
n=121 n=78 ALL | oscc | opscc | Lscc
n=43 n=19 n=15 n=7 NOTES
HNSCC STATUS 1.00E—062 na3 na 1.00E-06 | 5.00E-06 | 0.00029 | CONTROL vs HNSCC
CANCER
LOCATION 1.00E-06 na 0.11 na na na CON, OSCC, OPSCC, LscC
AGE 5.10E-05 0.058 0.096 0.037 0.47 0.019 Categorized by Decade
SEX 0.077 0.59 0.46 0.099 0.78 0.71 Female, Male
DRINKING 4 :
HISTORY 0.64 0.087 0.20 0.31 0.86 na Never, Ever Drinker
SMOKING
HISTORY 8.00E-05 0.26 0.71 0.72 0.69 0.86 Never, Ever Smoker
HPV na na 0.50 0.54 0.62 0.40 No, Yes
NODE STAGE na na 0.55 0.053 0.47 0.81 NO, N1, N2, N3
TUMOR SIZE na na 0.40 0.70 0.072 0.52 T1,T2,T3, T4

JOSCC: oropharyngeal squamous cell carcinoma (SCC). OPSCC: oropharyngeal SCC. LSCC: laryngeal SCC

2P—va|ues are from univariable PERMANOVA tests

3na: not applicable

4AII LSCC subjects were Ever Drinkers
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