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IMPORTANCE The oral microbiota may be involved in development of head and neck
squamous cell cancer (HNSCC), yet current evidence is largely limited to bacterial 16S
amplicon sequencing or small retrospective case-control studies.

OBJECTIVE To test whether oral bacterial and fungal microbiomes are associated with
subsequent risk of HNSCC development.

DESIGN, SETTING, AND PARTICIPANTS Prospective nested case-control study among
participants providing oral samples in 3 epidemiological cohorts, the American Cancer Society
Cancer Prevention Study II Nutrition Cohort, the Prostate, Lung, Colorectal, and Ovarian
Cancer Screening Trial, and the Southern Community Cohort Study. Two hundred thirty-six
patients who prospectively developed HNSCC were identified during a mean (SD) of 5.1 (3.6)
years of follow-up. Control participants who remained HNSCC free were selected by 2:1
frequency matching on cohort, age, sex, race and ethnicity, and time since oral sample
collection. Data analysis was conducted in 2023.

EXPOSURES Characterization of the oral bacterial microbiome using whole-genome shotgun
sequencing and the oral fungal microbiome using internal transcribed spacer sequencing.
Association of bacterial and fungal taxa with HNSCC was assessed by analysis of compositions
of microbiomes with bias correction. Association with red and orange oral pathogen
complexes was tested by logistic regression. A microbial risk score for HNSCC risk was
calculated from risk-associated microbiota.

MAIN OUTCOMES AND MEASURES The primary outcome was HNSCC incidence.

RESULTS The study included 236 HNSCC case participants with a mean (SD) age of 60.9 (9.5)
years and 24.6% women during a mean of 5.1 (3.6) years of follow-up, and 485 matched
control participants. Overall microbiome diversity at baseline was not related to subsequent
HNSCC risk; however 13 oral bacterial species were found to be differentially associated
with development of HNSCC. The species included the newly identified Prevotella salivae,
Streptococcus sanguinis, and Leptotrichia species, as well as several species belonging to beta
and gamma Proteobacteria. The red/orange periodontal pathogen complex was moderately
associated with HNSCC risk (odds ratio, 1.06 per 1 SD; 95% CI, 1.00-1.12). A 1-SD increase
in microbial risk score (created based on 22 bacteria) was associated with a 50% increase
in HNSCC risk (multivariate odds ratio, 1.50; 95% CI, 1.21-1.85). No fungal taxa associated with
HNSCC risk were identified.

CONCLUSIONS AND RELEVANCE This case-control study yielded compelling evidence that
oral bacteria are a risk factor for HNSCC development. The identified bacteria and bacterial
complexes hold promise, along with other risk factors, to identify high-risk individuals for
personalized prevention of HNSCC.
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H ead and neck squamous cell cancer (HNSCC; cancers
of the oral cavity, pharynx, and larynx) confers sig-
nificant physical disfigurement and a poor prognosis

with about 60% 5-year survival.1 In addition to established risk
factors—smoking,2 alcohol use,3 and human papillomavirus
(HPV)4—recent attention has focused on the possible role of
other microbiota in HNSCC development,5-7 potentially re-
lated to microbial metabolism of HNSCC carcinogens8 or to mi-
crobial factors associated with poor oral hygiene and peri-
odontal disease.9-11 Recognizing this, there is a critical need to
more comprehensively identify novel microbial risk factors that
potentially could be used to help prevent HNSCC.

The human oral cavity hosts a diverse bacterial commu-
nity or microbiome.12 Studies point to the differential preva-
lence of certain oral bacteria in oral or tumor samples of pa-
tients with HNSCC13; however, there is no consensus from these
small retrospective case-control studies regarding the spe-
cific oral taxa involved etiologically in HNSCC. Addressing this
limitation, we recently carried out a prospective study using
prediagnostic oral samples and provided evidence that sev-
eral genera in Proteobacteria are associated with reduced
HNSCC risk.14 However, this evidence was based on low-
resolution 16S ribosomal RNA-based microbiome profiling. We
now require high-resolution bacterial species–level identifi-
cation in large prospective cohorts for the purposes of micro-
bially targeted early detection and intervention.

Oral fungi have been less studied in HNSCC.15 Fungi can
activate carcinogens and promote inflammation and
neoplasia.16-20 Fungi are abundant in oral samples21 and in HN-
SCC tumor tissue22,23 yet have largely been unexamined in pro-
spective studies. Furthermore, few studies have collectively
examined both bacterial and fungal microbiome,7,24 al-
though bacteria and fungi may interact physically and meta-
bolically in the oral cavity25 and often occur symbiotically.26

We conducted a prospective case-control study nested in
3 large, well-established, prospective US cohorts to deter-
mine whether the oral bacterial and fungal microbiome is
associated with subsequent HNSCC risk. We assessed risk of
HNSCC associated with oral taxa and with periodontal disease–
related bacterial complexes,27,28 individually and as summa-
rized in a microbial risk score.29

Methods
All participants provided written informed consent and all pro-
tocols were approved by the NYU Grossman School of Medi-
cine institutional review board. Data analysis was conducted
in 2023.

Study Population
Parent Cohorts
The 3 US cohorts on which this study is based represent a di-
versity of US populations resident across the US. The Ameri-
can Cancer Society Cancer Prevention Study II Nutrition Co-
hort (ACS-CPS-II)30 included more than 184 000 participants
aged 50 to 74 years from 21 US states. Oral wash samples were
collected during 2001-2002 from 70 000 cohort members. Fol-

low-up for incident cancer was conducted through June 2009.
The Prostate, Lung, Colorectal, and Ovarian Cancer Screen-
ing Trial (PLCO)31 was a large randomized trial at 10 US screen-
ing centers that examined the effect of screening on cancer
mortality in participants aged 55 to 74 years. Oral wash samples
were collected in the control group only (n = 52 000) be-
tween 1993 and 2001. Cancer follow-up was conducted through
December 2010. The Southern Community Cohort Study
(SCCS)32 was a prospective cohort of 85 000 adults, two-
thirds African American, aged 40 to 70 years, from 12 south-
eastern states, conducted between 2002 and 2009. Oral wash
samples were collected from 37 836 participants at enroll-
ment. Follow-up for cancer was conducted through 2021.

Nested Case-Control Study
Case participants had histologically confirmed incident HN-
SCC, including cancers of the oral cavity (International Statis-
tical Classification of Diseases and Related Health Problems,
Tenth Revision [ICD-10] codes C02.0-C06.9; excluding sali-
vary glands), pharynx (ICD-10 codes C09.0-C10.9 and C12-
C13.9; excluding nasopharynx), and larynx (ICD-10 codes
C32.0-32.9). Cohort nested control participants were se-
lected by incidence-density sampling (2:1 frequency matched)
by cohort, age, sex, race and ethnicity (African American,
White, or other/unknown), and time since oral wash sample
collection (in years). All case and control participants pro-
vided written informed consent, provided oral wash samples
(prediagnostically for case patients), and had no history of can-
cer (except nonmelanoma skin cancer). Fourteen controls were
excluded owing to unavailability of matching controls and
sequencing failure, resulting in 14 case patients having only
1 matched control.

Measurements
Demographic Information
At enrollment and during follow-up, cohort participants com-
pleted structured questionnaires. We used covariates from the
questionnaires most closely preceding oral wash sample col-
lection. Oral HPV-16 status was available in the ACS-CPS-II and
PLCO cohorts.4 HPV-16 typing was conducted using the
MY09/11 L1-targeted degenerate primer polymerase chain re-
action system, a multiplexed next-generation sequencing

Key Points
Question Is the prediagnostic oral bacterial and fungal
microbiome associated with subsequent development of head
and neck squamous cell cancer (HNSCC)?

Findings In 3 large prospective cohorts including 159 840
individuals, we identified novel oral bacterial species were
identified, including both commensals and periodontal pathogenic
bacterial complexes that together conferred a 50% increased
risk of HNSCC. No significant associations between oral fungi and
risk of HNSCC were found.

Meaning The identified bacteria and bacterial complexes hold
promise, along with other risk factors, for identifying high-risk
individuals for personalized prevention of HNSCC.
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method, and a real-time polymerase chain reaction assay, as
previously described.4

Oral Wash Sample Collection
Study participants from the 3 cohorts provided oral wash
samples following similar collection protocols.30-32 The oral mi-
crobiome tends to be stable over time33-35 and shows much
greater interindividual than intraindividual variation, indicat-
ing that a 1-time oral sample collection is useful for assessing
the oral microbiome in a cohort study.

Bacterial Microbiome Whole-Genome Sequencing Assay
and Data Processing
Using DNA from oral samples, whole-genome sequencing
was carried out at NYU Langone’s Genome Technology Center.
Library preparation was performed using the Nextera DNA Flex
Library Preparation Kit (Illumina), and further sequenced using
the Illumina NovaSeq SP 300-cycle system. FASTQ sequence
reads were demultiplexed, and human reads and low-quality
reads were removed. Using the SHOGUN pipeline,36 reads were
mapped and labeled with the National Center for Biotechnology
Information (NCBI) taxonomic annotation at the species level.
Reads mapping to multiple reference genomes are labeled as
the last common ancestor according to the NCBI taxonomy.37

The whole-genome sequencing assay generated sufficient reads,
represented by major bacterial phyla, distributed similarly across
the cohorts (eTables 1 and 2 in Supplement 1).

Fungal Microbiome Internal Transcribed Spacer Sequencing Assay
and Data Processing
We conducted an internal transcribed spacer fungal-specific
gene sequencing assay.38 Briefly, the DNA underwent poly-
merase chain reaction using forward (5′-ACACACCGCCCGTCGC-
TACT-3′) and reverse primers (5′-TTTCGCTGCGTTCTTCATCG-
3′). Polymerase chain reaction amplicons were pooled and
purified using Agencourt AMPure XP beads (Beckman Coulter),
and the library was prepared using the KAPA LTP library prepa-
ration kit (KAPA Biosystems). Sequencing used Illumina MiSeq.
Reads were analyzed using DADA239 and taxonomy was as-
signed using the UNITE database.40 Open-reference opera-
tional taxonomic unit (OTU) picking was done using the QIIME
version 1.9 open-reference OTU picking protocol and the UNITE
database for the reference-based clustering component.
VSEARCH version 1.4.0 was substituted for USEARCH to facili-
tate higher throughput.41 The OTU clustering threshold was set
at 99% sequence identity to account for fungal heterogeneity.
Sequence dereplication and chimera removal were performed
using the QIIME quality control protocol. Representative se-
quences for each OTU cluster were chosen based on sequence
abundance. BLAST42 was used to assign taxonomy using the
UNITE database. The internal transcribed spacer assay gener-
ated sufficient reads for analysis. The vast majority of taxa across
the 3 cohorts were of 2 phyla: Ascomycota and Basidiomycota
(eTables 1 and 2 in Supplement 1).

Quality Control Assessment
Laboratory personnel were blinded to case and control sta-
tus. Blinded random repeated quality control samples, posi-

tive microbial controls (8 bacterial species and 2 fungal spe-
cies, ZymoBIOMICS Microbial Community DNA Standard II),
and negative controls (distilled water) were inserted across all
sequencing batches. The intraclass correlation coefficient43 for
the blinded random repeated controls showed good agree-
ment (a coefficient between 0.90 and 1 for whole-genome se-
quencing and a coefficient between 0.62 and 1 for internal tran-
scribed spacer sequencing) (eFigure 1 in Supplement 1), with
distinct clusters identified for random quality control, posi-
tive control, and negative control samples. All species in the
positive controls were detected, and the negative controls
showed no microbial DNA.

Statistical Analysis
Microbial composition β diversity (between-participant diver-
sity), assessed by Jensen-Shannon divergence44 or Jaccard
distance for case and control participants, was compared using
permutational multivariate analysis of variance,45 adjusting
for covariates. The α diversity (within-participant diversity),
assessed by richness, Shannon Diversity Index, and Pielou
evenness, was compared using linear regressions. The α di-
versity and β diversity were calculated for bacteria after rar-
efaction at 100 000 read depth and for fungi after rarefac-
tion at 500 read depth, for which the thresholds were
determined based on the rarefaction curves (eFigure 2 in
Supplement 1).

We compared bacterial and fungal taxa between HNSCC
case and control participants up to the species level using analy-
sis of compositions of microbiomes with bias correction
(ANCOM-BC),46 including adjustments for covariates (age, sex,
race and ethnicity, smoking status, number of cigarettes per
day for those reporting ever smoking, alcohol consumption
status, grams of ethanol consumed per day for those report-
ing consuming alcohol, and oral HPV-16 status). The default
settings for the ANCOM-BC function at α= .05 were used,
except for zero_cut = 1, lib_cut = 10 000 for bacteria, and lib-
_cut = 500 for fungi. We limited bacterial and fungal taxa for
analysis to those with mean relative abundance of 0.001%
or greater and filtered to include only taxa with at least 2 se-
quences in at least 10% (for bacteria) or 5% (for fungi) of the
participants. First, cohort-specific estimates of differential
abundance by species were obtained. Then, cohort-specific es-
timates and their corresponding standard errors at α < .05 were
used to perform random-effects meta-analysis47 to generate
the pooled estimates for the 3 cohorts. The results were visu-
alized as a cladogram using GraPhlAn.48

We further confirmed the robustness of ANCOM-BC–
selected bacterial species using a permutation test with 500
iterations. The P value for jth species was calculated as

501

500

i
I(Pij ≥ Oj) + 1

where I(·) was the indicator function, Oj was the frequency of
jth species identified (ie, with a meta P < .05 in differential
abundance test) using the original cohorts, and Pij was the fre-
quency of jth species identified using the permuted data in ith
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iteration. The Q value was then calculated adjusting for the false
discovery rate across all species.

We also examined periodontal bacterial pathogen com-
plexes, selected a priori,27,28 for their association with HN-
SCC, including the red complex (Treponema denticola, Porphy-
romonas gingivalis, and Tannerella forsythia), the orange
complex (Fusobacterium nucleatum, Prevotella intermedia,
Prevotella nigrescens, Eubacterium nodatum, Campylobacter
showae, and Campylobacter gracilis), and their combination (ie,
red/orange complex). Unconditional logistic regression was
used for this testing, with adjustments made for the aforemen-
tioned covariates.

Finally, building on the concept of a polygenic risk score
used productively in genomic research,49 we constructed a mi-
crobial risk score29 to summarize the microbial profiles in rela-
tion to HNSCC risk. The microbial risk score was calculated as
a weighted sum of the relative abundance of selected bacterial
species, with weights assigned according to the estimated ef-

fect sizes for individual species, determined via microbiome-
wide ANCOM-BC. To evaluate the reproducibility of a micro-
bial risk score, we conducted Monte Carlo cross-validation50

by randomly splitting data into training and test sets at a 70%
to 30% ratio, with this process repeated 50 times.

Results
Participant Characteristics
This study included 236 men and women diagnosed with HN-
SCC during a mean of 5.1 years of follow-up and 458 matched
control participants. The characteristics of the study partici-
pants are presented in (Table 1). Matching factors including age,
sex, and race and ethnicity did not differ by case and control
status for the 3 cohorts. As expected, case participants tended
to use tobacco and alcohol more frequently and had a greater
prevalence of oral HPV-16. Study participants in the ACS-

Table 1. Selected Characteristics of 236 Incident Cases of Head and Neck Squamous Cell Cancer and 458 Control Participants in 3 US Cohorts

Characteristics

Cohort

ACS-CPS-II PLCO SCCS
Cases
(n = 55)

Controls
(n = 106)

Cases
(n = 71)

Controls
(n = 138)

Cases
(n = 110)

Controls
(n = 214)

Age, mean (SD), y 71.2 (6.3) 71.4 (6.3) 62.7 (4.8) 63.3 (5.0) 54.5 (7.9) 54.4 (7.8)

Sex, No. (%)

Female 15 (27.3) 29 (27.4) 13 (18.3) 25 (18.1) 30 (27.3) 58 (21.7)

Male 40 (72.7) 77 (72.6) 58 (81.7) 113 (81.9) 80 (72.7) 156 (72.9)

Race and ethnicity, No. (%)

African American or othera 0 0 5 (7.0) 9 (6.5) 81 (73.6) 156 (72.9)

White 55 (100) 106 (100) 66 (93.0) 129 (93.5) 28 (25.5) 56 (26.2)

Smoking status, No. (%)

Never 10 (18.2) 57 (53.8) 8 (11.3) 69 (50.0) 13 (11.8) 65 (30.4)

Former 30 (54.5) 46 (43.4) 38 (53.5) 62 (44.9) 25 (22.7) 68 (31.8)

Currentb 15 (27.3) 3 (2.8) 25 (35.2) 7 (5.1) 69 (62.7) 79 (36.9)

No. of cigarettes per day for
ever smoking, mean (SD)c

24.9 (12.1) 19.7 (11.6) 26.1 (12.6) 21.5 (13.7) 18.0 (13.0) 16.5 (13.0)

Alcohol consumption, No. (%)

Nod 12 (21.8) 24 (22.6) 8 (11.3) 43 (31.2) 34 (30.9) 85 (39.7)

Yes 34 (61.8) 62 (58.5) 50 (70.4) 88 (63.8) 74 (67.3) 125 (58.4)

Missing data 9 (16.4) 20 (18.9) 13 (18.3) 7 (5.1) 2 (1.8) 4 (1.9)

Ethanol consumption among
those reporting alcohol
consumption, mean (SD), g/de

17.0 (14.6) 12.5 (17.5) 38.3 (80.6) 11.4 (16.6) 53.4 (80.8) 34.5 (60.4)

Human papillomavirus
16 status, No. (%)d

4 (7.3) 1 (0.9) 7 (9.9) 1 (0.7) NA NA

Cancer site

Oral cavity 18 (32.7) 22 (31.0) 22 (20)

Pharynx, base of tongue 12 (21.8) 18 (25.4) 33 (30)

Larynx 25 (45.5) 31 (43.7) 55 (50)

Time to diagnosis,
mean (SD), yf

2.9 (2.0) 4.3 (2.5) 6.7 (4.1)

Abbreviations: ACS-CPS-II, American Cancer Society Cancer Prevention Study II
Nutrition Cohort; NA, data not available; PLCO, Prostate, Lung, Colorectal, and
Ovarian Cancer Screening Trial; SCCS, Southern Community Cohort Study.
a Due to the small sample size of the “other” group, it was combined with the

“African American” group for the analysis.
b P < .001 by χ2 test for comparison between case and control participants in

each cohort.
c P < .05 by t test for comparison between case and control participants in the

ACS-CPS-II and PLCO cohorts.
d P < .05 by χ2 test for comparison between case and control participants in

the PLCO cohort.
e P < .05 by t test for comparison between case and control participants in the

PLCO cohort.
f Time from oral sample collection to head and neck squamous cell cancer

diagnosis (in years).
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CPS-II and PLCO cohorts were predominantly White (>90%),
while the SCCS included 73% African American participants.

Oral Bacterial Microbiome and Risk of HNSCC
HNSCC case participants did not differ significantly from
matched control participants in oral bacterial α diversity, as
measured by species richness and the Shannon Diversity In-
dex, or in overall oral microbiome composition (β diversity),
as measured by Jensen-Shannon divergence distance (eFig-
ure 3 in Supplement 1).

In the oral microbiome-wide meta-analysis of the 3 co-
horts, we found 13 oral bacterial species associated with the
risk of HNSCC development (Figure 1A; results for all bacteria
identified are shown in eTable 4 in Supplement 1), verified
in the permutation test (eTable 4 in Supplement 1). Prevotella

salivae, Streptococcus sanguinis, and Leptotrichia species oral
taxon 212 were related to lower HNSCC risk. In addition, 4 bac-
terial species in Proteobacteria were associated with lower
risks: Eikenella corrodens, Simonsiella muelleri, Rodenti-
bacter pneumotropicus, and Pasteurella multocida. These spe-
cies belong to Betaproteobacteria and Gammaproteobacteria
(Figure 2). Furthermore, a broader spectrum of Betaproteo-
bacteria and Gammaproteobacteria tended to be associated
with lower HNSCC risk. In addition, several rare species were
associated with greater HNSCC risk (Figure 1A). The associa-
tions of these 13 bacterial species with HNSCC tended to be
similar across the 3 cohorts (Figure 1B) and disease sites (oral
cavity, pharynx, and larynx) (eFigure 4A in Supplement 1).

The oral periodontal pathogen red complex, orange
complex, and combined red/orange complexes were moder-

Figure 2. Cladogram Representation of Oral Microbiome Species Associated With HNSCC
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The color of nodes and branches represents fold changes in head and neck
squamous cell cancer (HNSCC) case participants compared with control
participants, ranging from blue to red. A red branch indicates a taxon enriched
in case participants with HNSCC and a blue branch indicates a taxon enriched
in control participants. Thirteen differentially abundant species are highlighted
and labeled on the outer ring. Oral bacterial periodontal pathogenic complexes

are highlighted with yellow shading and labeled in the top left corner of
the cladogram. The intensity of magenta shading corresponds to the relative
abundance of bacterial species. A total of 320 species are included in the
cladogram, representing taxa with at least 2 sequences in at least 10% of
participants and with mean relative abundance of 0.001% or greater. The
cladogram was created using GraPhlAn.
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ately associated with greater HNSCC risk (Figure 1C). The
associations of these pathogen complexes with HNSCC
tended to be consistent across the 3 cohorts (Figure 1D) and
disease sites (oral cavity, pharynx and larynx) (eFigure 4B in
Supplement 1).

Oral Fungal Microbiome and HNSCC
Overall fungal α and β diversity were not associated with HN-
SCC (eFigure 5 in Supplement 1). None of the fungal species
were associated with HNSCC risk, including all Candida and

relatively abundant species (>1%) (Figure 3), as well as all other
less common species (eTables 5 and 6 in Supplement 1). These
null findings were consistent across the 3 cohorts and disease
sites (Figure 3; eTables 5 and 6 in Supplement 1). Given these
null findings for fungi, we did not further evaluate bacterial-
fungal interrelationships.

Microbial Risk Score and HNSCC
Analyzing the microbial profile as a community can character-
ize more microbial information than analyzing microbes indi-

Figure 3. Oral Fungi and Risk of HNSCC
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A, Fold changes and 95% CIs for the
association between fungal taxa and
risk of head and neck squamous cell
cancer (HNSCC) from random-effects
meta-analysis of analysis of
compositions of microbiomes with
bias correction abundance estimates
of the 3 cohorts (American Cancer
Society Cancer Prevention Study II
Nutrition Cohort [ACS-CPS-II];
Prostate, Lung, Colorectal, and
Ovarian Cancer Screening Trial
[PLCO]; and Southern Community
Cohort Study [SCCS]). Complete
results for all fungi detected are
shown in eTable 5 in Supplement 1.
B, Fold changes and 95% CIs for the
association between fungal taxa and
risk of HNSCC for the 3 individual
cohorts. All models were adjusted for
age, sex, race and ethnicity, smoking
status, number of cigarettes per day
for those reporting ever smoking,
alcohol consumption status, grams
of ethanol consumed per day for
those reporting alcohol consumption,
and oral human papillomavirus 6
status as covariates. Fold change
values greater than 1 indicate
enrichment in HNSCC case
participants, while values less than
1 indicate enrichment in control
participants. The figure presents
results for all Candida species and
for other fungi of 1% or greater
abundance. Relative abundance and
fold changes with 95% CIs for fungal
taxa are shown next to the plot.
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vidually. We constructed a summary microbial risk score con-
sisting of 13 bacteria associated with HNSCC (Figure 1A) and 9
species in the red and orange periodontal pathogen complexes
(Table 2). In meta-analyses of the 3 cohorts, increased risk of
HNSCC was observed for the 13 bacteria, for the orange and red
complex bacteria combined, and for the combination of all 22
risk-associated bacteria. These associations did not differ sub-
stantially by study cohort. The microbial risk score validated by
Monte Carlo cross-validation showed comparable risks per 1-unit
increase in microbial risk score, as was found in the 3-cohort
meta-analysis (Table 2; eTable 7 in Supplement 1). Further ex-
amination of the association of the combined microbial risk score
for 22 bacteria with HNSCC did not reveal substantial variabil-
ity with respect to disease site (oral cavity, pharynx, or larynx)
or in relation to tobacco and alcohol use, HPV-16 status, or fol-
low-up period (eTable 8 in Supplement 1).

Discussion
In a metagenomic survey from 3 large, well-established co-
horts, we identified 13 previously unrecognized oral bacterial
species that are associated with subsequent HNSCC risk. We
also found that the red and orange oral bacterial pathogen com-
plexes were moderately associated with greater HNSCC risk.
We summarized these findings in a microbial risk score for the
3 cohorts, identifying a 50% increase in the risk of HNSCC per
1-SD increase in the microbial risk score. A microbial risk score
in the Monte Carlo cross-validation showed comparable risks
per 1-unit increase in microbial risk score, as was found in the
meta-analysis of the 3 cohorts. Oral fungal taxa were not as-
sociated with HNSCC risk in our study.

The oral microbiome is an intricate ecosystem that thrives
in the dynamic oral environment through a symbiotic rela-
tionship with human hosts.51 Our findings potentially reflect
a subtle dysbiosis, years before clinical diagnosis in the oral
microbiome, marked by the depletion of commensal organ-
isms and enrichment of oral pathogens, leading to significant
increases in HNSCC risk. The identified bacteria and bacterial
complexes associated with HNSCC hold promise as potential
biomarkers, along with other risk factors, for identifying
high-risk individuals for personalized prevention of HNSCC.

The red and orange oral pathogen complexes are associated
with periodontal disease,27 while periodontal disease and other
indicators of poor oral health are putative risk factors for head
and neck cancer (as reviewed by Gopinath et al10). While others
identified red complex bacteria in HNSCC tumor tissue,52-54 the
evidence from our prospective study strengthens the hypoth-
esis that oral health status is causally related to HNSCC develop-
ment and, furthermore, indicates that well-characterized red
and orange oral bacterial complexes may be involved early in
head and neck carcinogenesis, before HNSCC is overt.

We identified previously unrecognized commensal bacte-
rial species in Proteobacteria, including E corrodens, S muel-
leri, R pneumotropicus, and P multocida, as associated with lower
HNSCC risk. These findings align with our earlier observations
using 16S ribosomal RNA amplicon gene sequencing14 that
Proteobacteria, at the genera and class levels, are associated with
lower HNSCC risk, potentially related to oral carcinogen
metabolism.8 However, in this study, we have pinpointed spe-
cific species and strains associated with HNSCC. The other newly
identified oral species have received less attention in HNSCC
research, although S sanguinis and E corrodens are known to
be associated with a healthy oral state.27,28 Conducting further

Table 2. Microbial Risk Score and Risk of HNSCC

Microbial risk scorea

Odds ratio (95% CI)

ACS-CPS-II PLCO SCCS
3-Cohort
meta-analysisb

Monte Carlo
cross-validationc

ANCOM-BC 1.53 (0.98-2.38) 1.12 (0.76-1.64) 1.31 (0.97-1.77) 1.29 (1.05-1.59) 1.12 (1.06-1.18)

Red complex 2.78 (1.24-6.21) 1.16 (0.79-1.69) 1.33 (1.02-1.73) 1.34 (1.09-1.65) 1.18 (1.08-1.27)

Orange complex 1.47 (0.81-2.67) 1.18 (0.78-1.77) 1.19 (0.91-1.56) 1.22 (0.99-1.51) 1.02 (0.96-1.07)

Red/orange complexd 3.01 (1.32-6.85) 1.20 (0.80-1.80) 1.39 (1.05-1.82) 1.40 (1.13-1.75) 1.13 (1.05-1.22)

ANCOM-BC and red/orange
complex

2.13 (1.29-3.52) 1.23 (0.82-1.84) 1.47 (1.11-1.96) 1.50 (1.21-1.85) 1.16 (1.08-1.24)

Abbreviations: ACS-CPS-II, American Cancer Society Cancer Prevention Study II
Nutrition Cohort; ANCOM-BC, analysis of compositions of microbiomes with
bias correction; HNSCC, head and neck squamous cell cancer; PLCO, Prostate,
Lung, Colorectal, and Ovarian Cancer Screening Trial; SCCS, Southern
Community Cohort Study.
a The microbial risk score was calculated as a weighted sum of the relative

abundance of the bacterial species listed below, with weights assigned
according to their effect sizes as determined by ANCOM-BC.

b Meta-analysis estimates were obtained from random-effects meta-analyses
of cohort-specific logistic regression estimates. For each cohort and 3-cohort
meta-analysis, ANCOM-BC refers to the 13 bacterial species associated with
HNSCC, as identified in the meta-analysis of the 3 cohorts’ ANCOM-BC
estimates at α = .05. These species were Eikenella corrodens, Lactobacillus
paracollinoides, Leptotrichia species oral taxon 212, Porphyromonas
cangingivalis, Prevotella salivae, Prevotella species HUN102, Pyramidobacter
piscolens, Rodentibacter pneumotropicus, Simonsiella muelleri, Streptococcus
gallolyticus, Pasteurella multocida, Streptococcus plurextorum, and

Streptococcus sanguinis.
c For the Monte Carlo cross-validation, data were split into training and test sets

at a 70% to 30% ratio, with this process repeated 50 times to ensure
robustness. ANCOM-BC for Monte Carlo cross-validation refers to the same 13
bacterial species associated with HNSCC, as verified in the permutation test
(Q < 0.05) (eTable 4 in Supplement 1).

d For the red/orange complexes, the red complex includes Treponema denticola,
Porphyromonas gingivalis, and Tannerella forsythia and the orange complex
includes Fusobacterium nucleatum, Prevotella intermedia, Prevotella
nigrescens, Eubacterium nodatum, Campylobacter showae, and
Campylobacter gracilis. ANCOM-BC and logistic regression were conducted for
HNSCC after adjusting for age, sex, race and ethnicity, smoking status, number
of cigarettes per day for those reporting ever smoking, alcohol consumption
status, grams of ethanol consumed per day for those reporting alcohol
consumption, and oral human papillomavirus 16 status. Odds ratios for the
microbial risk score represent changes per 1 SD in the microbial risk score as
a continuous predictor.
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functional investigations into the bacteria associated with HN-
SCC risk, as identified in our metagenomic survey, is impera-
tive for deepening understanding of their role in HNSCC.

We did not observe significant relationships of fungal spe-
cies with subsequent HNSCC risk. This contrasts with findings
from animal models showing that fungi can activate carcino-
gens including alcohol, promote inflammation, and contrib-
ute to neoplasia,16-20 and contrasts with studies in patients with
HNSCC showing high abundance of Candida albicans and other
pathogenic fungi in their oral samples21 and tumor tissue.22,23

It is plausible that oral fungi, as opportunistic pathogens, may
exert an influence on HNSCC later in head and neck cancer de-
velopment, beyond the time frame of our prediagnostic sample
collections. Alternatively, technical limitations in assessing
fungi55 could potentially explain our results, although the ap-
proach was validated and used previously56-58 and our quality
control measures appeared reasonably robust.

The strengths of this study include (1) the prospective study
design; (2) bacterial whole-genome sequencing and fungal in-
ternal transcribed spacer sequencing; (3) a substantial sample
size, allowing for exploration (albeit with limited power) of HN-
SCC subsites (oral cavity, pharynx, and larynx) and interplay
with alcohol consumption and smoking; and (4) a racially di-
verse study population, including 36% African American par-
ticipants. This study is innovative because it is the first com-
prehensive and prospective study of the oral bacterial and
fungal microbiomes in relation to HNSCC risk.

Limitations
There are limitations to our study. First, because it was an ob-
servational study, there is potential for confounding by un-
measured factors at study entry and that may develop over the
course of follow-up. Second, selection bias due to loss to fol-
low-up may also have impacted risk estimates,59 although the
3 cohorts limited these losses through active and passive fol-
low-up activities.30-32 Third, this study had limited mechanis-
tic information on the causal relationship from an observa-
tional study, warranting further testing of our observations in
experimental systems and human intervention studies.60,61

Fourth, oral bacteria and fungi commonly organize as com-
plex biofilms,28 whereas this study used oral wash samples that
may incompletely capture these relationships. Fifth, in this
study, HPV-16–negative participants predominated, so inter-
relationships of bacteria and fungi with carriage of HPV-16 will
need to be examined in further studies.

Conclusions
This case-control study yielded compelling evidence that oral
bacteria are a risk factor for HNSCC development. The identi-
fied bacteria and bacterial complexes and the associated mi-
crobial risk score hold promise as potential biomarkers, along
with other risk factors, to identify high-risk individuals for per-
sonalized prevention of HNSCC.
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