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ABSTRACT

Persistent pathogen infection is a known cause of
malignancy, although with sparse systematic eval-
uation across tumor types. We present a compre-
hensive landscape of 1060 infectious pathogens
across 239 whole exomes and 1168 transcriptomes
of breast, lung, gallbladder, cervical, colorectal, and
head and neck tumors. We identify known cancer-
associated pathogens consistent with the literature.
In addition, we identify a significant prevalence of Fu-
sobacterium in head and neck tumors, comparable
to colorectal tumors. The Fusobacterium-high sub-
group of head and neck tumors occurs mutually ex-
clusive to human papillomavirus, and is character-
ized by overexpression of miRNAs associated with
inflammation, elevated innate immune cell fraction
and nodal metastases. We validate the association of
Fusobacterium with the inflammatory markers IL1B,
IL6 and IL8, miRNAs hsa-mir-451a, hsa-mir-675 and
hsa-mir-486-1, and MMP10 in the tongue tumor sam-
ples. A higher burden of Fusobacterium is also asso-
ciated with poor survival, nodal metastases and ex-
tracapsular spread in tongue tumors defining a dis-
tinct subgroup of head and neck cancer.

GRAPHICAL ABSTRACT
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INTRODUCTION

The Human Microbiome Project has identified 48 micro-
bial habitats in the human body (1). These microbes main-
tain balanced symbiotic/commensal relationships or a ‘eu-
biosis’ under normal conditions (2). A shift in the eubi-
otic balance or a ‘dysbiosis’ can lead to disease. Chronic
inflammation, often linked to cancer initiation and pro-
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gression, is known to result from these dysbiotic events
and persistent infections of specific microbes. The infec-
tions also elicit host immune responses making the microen-
vironment tumor-permissive (3). Additionally, genotoxins
or processed metabolites from the microbes have also been
shown to induce genomic instability and are known to mod-
ulate the tumorigenesis (4). Considering the above factors
to define possible causality and formulation of models of
cancer pathogenesis due to microbes (especially in colon
cancer) provide a framework for studying the role of cancer-
associated microbes across different tissues (5).

Few well-known associations between microbial infec-
tion and cancer are that of Helicobacter pylori, which is
causally related to 60-90% of all gastric cancer cases (6).
Causality between infection and tumorigenesis has been
established in various animal model systems for H. pylori
(7,8). Other reported associations are those of Salmonella
typhi infection with gallbladder cancer (9,10), Streptococ-
cus bovis, enterotoxigenic Bacteroides fragilis, genotoxic Es-
cherichia coli and Fusobacterium nucleatum with colon can-
cer (11-15), and Chlamydia pneumonia with lung cancer
(16).

Interestingly, 20% of all human microbial habitats are
associated with the head and neck region (17). Multiple
studies have investigated the enrichment of distinct micro-
bial species in the head and neck squamous cell carcino-
mas (HNSCs). They have shown an association of microbial
burden with the stage of the disease (18,19). Multiple stud-
ies suggest that the association between periodontal bac-
teria and tumorigenesis is mediated by chronic inflamma-
tion. Recently reported systematic meta-analyses highlight
role of F. nucleatum in head and neck cancer (20). Other in-
flammatory periodontal bacterial pathogens have also been
implicated to be an independent risk factor in HPV (hu-
man papillomavirus)-negative HNSCs (21). Currently, min-
imal information exists regarding the association between
such periodontal pathogens and biology, especially in HPV-
negative HNSC tumors. Systematic efforts are required to
understand the role of specific intratumor microbes and
their clinical implications.

Next-generation sequencing (NGS) provides a power-
ful and unbiased tool for identification of viral and bacte-
rial pathogens from human samples, including tumor mi-
croenvironment (22). Microbial composition has been de-
rived from human tissue using various computational ap-
proaches, including computational subtraction (23). Build-
ing on this computational subtraction approach, we re-
cently developed infectious pathogen detector (IPD) (24),
to identify infectious pathogens from heterogeneous NGS
datasets. Using IPD, we performed systematic quantifica-
tion of 1060 infectious pathogens from 239 DNA and 1168
RNA sequencing samples representing six cancer types:
breast, cervical, colorectal, lung, gallbladder and HNSC.
Along with identifying known tumor-associated microbes,
we find enrichment of F. nucleatum in the oral tumors,
consistent with earlier reports (25). We observed mutual
exclusivity of HPV and Fusobacterium in HNSCs, with
both forming a distinct subclass of tumors. Comparing the
gene and miRNA expression data within the HPV-negative
HNSC tumors, we identified differentially expressed genes
and miRNAs associated with a higher burden of Fusobac-

terium. We further validated the selected inflammation
markers and inflammation-linked miRNAs in the in-house
tongue tumor patient samples. Correlating with the immune
cell signatures, we identify that the Fusobacterium-high sub-
group of HNSC tumors shows increased innate immu-
nity factors, with pro-tumorigenic potential. Locoregional
lymph node metastasis and tumor extension outside lymph
node capsule are known poor prognosis factors in head and
neck cancer (26). This study defines a distinct subgroup
of HPV-negative tongue tumors with higher inflammation,
nodal metastases, extracapsular spread and poor prognosis,
characterized by potential surrogate miRNA markers.

MATERIALS AND METHODS

Patient sample collection and mRNA /miRNA /F. nucleatum
quantification from tumors

The cervical adenocarcinoma patient samples (7 = 41) were
collected from cervical adenocarcinoma patients at the Tata
Memorial Hospital (TMH) and ACTREC biorepository.
The study was approved by the ACTREC-Tata Memorial
Centre (TMC) institutional review board (IRB) (study pro-
tocol #116). From the 41 cervical samples, whole exome se-
quencing was performed on 17 paired tumor samples and
1 orphan tumor sample (n = 35), and whole transcriptome
sequencing was performed on 24 tumor and 5 normal sam-
ples (n = 29).

The retrospectively collected non-small cell lung cancer
patient samples (n = 52) were obtained from the TMH and
ACTREC biorepository. Whole exome sequencing was per-
formed on all the samples (z = 52). Sample set and study
protocols were approved by the IRB and Ethics Committee
(EC) of TMC-ACTREC (study protocol # 900514).

The retrospectively collected oral cancer samples were
obtained from the TMH and ACTREC tumor tissue repos-
itory, with clinical characteristics as described in Table 1.
Fresh frozen primary tumor (n = 75) and normal (n = 25)
oral samples were collected at the TMH and ACTREC,
Mumbai, India. The sample set and study protocols were
approved by the IRB and EC of TMC-ACTREC (study
protocol #88).

The anatomical sites of all the oral cancer samples col-
lected were of tongue origin and were identified to be early-
stage tumors by clinical assessment. Of the total 75 oral tu-
mor samples, 1 sample was ignored due to low RNA con-
centration. The set of 74 tumor and 25 normal samples
was used as a validation set to quantify F. nucleatum, hu-
man genes and miRNAs associated with the pathogen. The
primer sequences for each microRNA, genes and Fusobac-
terium validation used in the study are given in Supplemen-
tary Table S1.

Whole exome and transcriptome sequencing of the patient
samples

For exome sequencing of 35 cervical samples, two differ-
ent capture kits were employed. In brief, SureSelect XT
Target Enrichment Kit (Agilent Technologies, Santa Clara,
CA, USA) capturing 50 Mb of the genome was used for
13 samples. Genomic DNA (200 ng) was sheared using co-
varis to generate 150-500 bp fragment size. For remaining



Table 1. Clinicopathological details of in-house validation set of tongue
cancer patients

Number of patients

(n=174) Percentage
Age
<40 years 21 28.38
40-60 years 23 31.08
>60 years 8 10.81
NA 22 29.73
Gender
Male 46 62.16
Female 6 8.11
NA 34 45.95
Habit
Alcohol history 15 20.27
Tobacco/smoking history 37 50.00
Clinical stage
Early stage (T1/T2) 74 100.00
Pathological stage
Tl 12 16.22
T2 34 45.95
T3/T4 15 20.27
NA 13 17.57
Node stage
NO 31 41.89
N1 15 20.27
N2 15 20.27
NA 13 17.57
Survival
<24 months 19 25.68
>24 months 33 44.59
NA 22 29.73
Recurrence
Yes 14 18.92
No 38 51.35
NA 22 29.73
Distance metastasis
Yes 2 2.70
No 50 67.57
NA 22 29.73

22 samples, SureSelect Human All Exon Kit, v5 (Agilent
Technologies, Santa Clara, CA, USA) was used and library
preparation was done using 1 g of genomic DNA. The
fragment ends were repaired followed by adenylation at 3’
end and purified using AMPure XP beads. The fragments
were ligated to the adaptor and amplified by PCR. The gen-
erated libraries were then hybridized with SureSelect Tar-
get Enrichment System Kit and hybrids were separated us-
ing streptavidin-coated magnetic beads. Then, the samples
were PCR amplified using indexing primers and purified.
The quality of prepared libraries was assessed on a BioAn-
alyzer, quantified by qPCR and then loaded on the Illumina
flow cell to generate clusters. Libraries were sequenced for
301 cycles on the NextSeq 500 Illumina platform to gener-
ate 150 bp paired-end reads to obtain 100x coverage. The
prepared libraries were loaded on the Illumina flow cell and
sequenced for 201 cycles on the HiSeq 2500 platform to gen-
erate 100 bp paired-end reads to obtain 100x sequencing
depth. For the non-small cell lung cancer patient samples (n
= 52), a minimum of 100 ng input DNA was used. SureSe-
lect Human All Exon V6 (capture size 60 Mb) was used for
20 samples [described here (27)] and TrueSeq DNA Exome
Kit (capture size 45 Mb) was used for 32 samples. Exome se-
quencing was performed on the Illumina platform accord-
ing to the standard protocol using 150 bp paired-end reads
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to obtain an average coverage of 100x across all the sam-
ples. The exome sequencing method used for the 27 paired
colorectal samples used in the study is described in (28).

For transcriptome sequencing of 29 cervical samples,
library preparation was performed using SENSE Total
RNA-Seq Library Prep Kit (Lexogen Inc.). The ribosomal
RNA (rRNA) was depleted from total RNA using Ribo-
Cop rRNA Depletion Kit V1.2 (Lexogen Inc.) as per the
manufacturer’s protocol. Libraries were sequenced in the
Illumina HiSeq 4000 platform to yield 100 bp paired-end
reads, with total output of >60 million reads per sample.
For colorectal transcriptome samples, only tumors harbor-
ing >70% of tumor epithelial cells were used for RNA isola-
tion. RNA was isolated from colorectal samples using Tri-
zol reagent (Invitrogen Inc., Carlsbad, CA, USA) as per
the manufacturer’s protocol. Five micrograms of total RNA
was used to prepare the RNA sequencing library using
the TruSeq RNA Sample Prep Kits (Illumina). Removal of
abundant rRNA from a total RNA sample was performed
with the Epicentre Ribo-Zero family of rRNA depletion
kits and libraries were prepared as per the manufacturer’s
protocol (Illumina). Generated libraries were sequenced on
HiSeq 2000/2500 to obtain 2 x 100 bp paired-end reads to
obtain 140 million clean reads.

Microbiome quantification from whole exome and transcrip-
tome sequencing data

We developed IPD, a computational tool, to quantify
pathogens from the whole exome and transcriptome sam-
ples, as described earlier (24). IPD performs data pre-
processing by filtering the low-quality and ambiguous align-
ment reads and gives normalized quantification of frag-
ments aligned to pathogen genome, by scaling it to li-
brary yield [fragments per million (FPM)] and normaliz-
ing to genome length [fragments per kilobase per million
(FPKM)]. These normalizations make the pathogen quan-
tification comparable across different samples and across li-
brary types (single- and paired-end data). Samples having
an FPM of >0 were considered as positive for the bacte-
rial pathogen. Specifically for viral pathogens, a stringent
threshold of 1 FPM was used for positivity, as described ear-
lier (29). In total, 239 exomes and 110 transcriptomes of in-
house samples representing six cancer types (breast, lung,
gallbladder, cervical, colorectal and oral) were analyzed us-
ing IPD (details are provided in Supplementary Table S2).
In addition, 1058 TCGA RNA-seq sample data consist-
ing of 512 (472 tumors, 40 normal) colon adenocarcino-
mas (TCGA-COAD) and 546 (502 tumor, 44 normal) head
and neck cancers (TCGA-HNSC) were also analyzed using
IPD. Sample-wise IPD-based normalized pathogen quan-
tification for these samples was compiled using in-house
Python scripts. Heatmap representations were generated us-
ing the pheatmap package. Alignment files produced using
IPD were used to compute the physical genome coverage
of specific pathogens using SAMtools (30). Total micro-
biome quantification, representing archaea, bacteria, plas-
mids, viruses, fungi and protozoa, was done using Kraken2
(31). The read counts from Kraken2 were normalized by
converting the read count to reads per million for each sam-
ple and are termed as total microbiome burden (TMiB).
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Mutual exclusivity calculations

HNSC tumor samples (in-house and TCGA-HNSC) were
sorted based on the HPV burden. Top and bottom 10% tu-
mors were assigned status as HPV-high and -low, respec-
tively. In the case of matching values at the high and low
boundaries, all the tumors having matching values were as-
signed the same status. A similar assignment of high and
low status was done using the F. nucleatum burden. Tu-
mors for which both HPV and Fusobacterium status was
assigned were used for the mutual exclusivity analysis. Sta-
tistical significance for the mutual exclusivity was computed
using CoMEt package (32).

TCGA data download and pre-processing

The RNA-seq tier 1 data (aligned BAM) for TCGA-
HNSC (n = 546) and TCGA-COAD (n = 512) project
were obtained from the National Cancer Institute Cancer
Genome Commons Portal (GDC; http://portal.gdc.cancer.
gov). The BAM files were converted to raw fastq files us-
ing the SamToFastq utility of the Picard toolkit (https:
/[broadinstitute.github.io/picard/). The raw fastq data were
analyzed further for pathogen quantification using IPD.
The htseq-count files for individual samples for RNA-
seq and miRNA expression data were downloaded from
the GDC. Immune and leukocyte fraction data for indi-
vidual samples were downloaded from the GDC (https://
gdc.cancer.gov/about-data/publications/panimmune). The
neutrophil-to-lymphocyte ratio (NLR) was computed by
dividing the neutrophil fraction by the aggregated lympho-
cyte fraction [as defined by CIBERSORT (33)] within indi-
vidual samples.

Differential mMRNA /miRNA expression and statistical anal-
ysis

The differential gene and miRNA expression analysis was
performed using the DESeq?2 package (34). The false dis-
covery rate of <0.05 was considered significant, and genes
with log, fold change >1.5 or <—1.5 were defined as sig-
nificantly up- and downregulated, respectively. For miRNA
comparisons, log, fold changes of >0.5 and <—0.5 were
defined as significantly up- and downregulated, respec-
tively. Pathogen abundance comparison between the can-
cer types, immune fraction and mutation burden compar-
ison between a group of samples (subtypes of samples
based on pathogen abundance) were performed using the
Wilcoxon test (Mann—Whitney), where factors showing P-
value <0.01 were considered significantly different. RSEM
quantification of the MMPI0 gene was extracted from the
TCGA-HNSC matrix from the GDC. Comparison between
the subgroups for the expression was performed using the
Wilcoxon test. The survival analysis was performed us-
ing the KMPlot web server (35). Fusobacterium status was
assigned to the samples assessed in the survival analysis
based on the ‘Auto select’ option, which selects the best-
performing cutoff between the upper and lower quartiles.

PCR analysis for F. nucleatum

The following primer sequences were used for Fusobac-
terium validation as reported earlier (36). PCR was car-

ried out in a 10 wl reaction volume containing 5 pl KAPA
2x ReadyMix Master Mix (Kapa Biosystems; cat. no.
KK1024), 10 pmol of each primer and 20 ng of cDNA. The
PCR conditions were as follows: an initial denaturation step
at 94°C for 2 min, 35 cycles of denaturation at 94°C for 30
s, hybridization at 55°C for 30 s, elongation at 72°C for 30 s
and a final extension step at 72°C for 5 min on a PCR ma-
chine (HiMedia Prima-Duo™ Thermal Cycler, two blocks
of 48 wells; LA948). Sanger sequencing was performed to
confirm the presence of Fusobacterium in the samples.

Quantification of miRNNA and mRNA genes from tongue tu-
mor samples

Total RNA was extracted from tongue cancer patient sam-
ples using AllPrep DNA/RNA/miRNA Universal Kit (QI-
AGEN, cat. no. 80224) as per the manufacturer’s protocol.
Extracted RNA was resolved on 1.2% agarose gel to con-
firm the RNA integrity. DNase treatment was done using
a DNA-free™ kit (Ambion, Foster City, CA, USA; cat. no.
AM1906). For analyzing transcript levels of F. nucleatum
and miRNA target genes, cDNA was synthesized with 500
ng of total RNA using high-capacity cDNA reverse tran-
scription kit (Applied Biosystems, cat. no. 4368814). For
miRNA quantification, cDNA synthesis was carried out
with 500 ng of total RNA using pooled miRNA-specific
stem—loop RT primers [protocol as described (37)]. Quan-
titative real-time PCR was performed on QuantStudio5
Real-Time PCR instrument (Thermo Fisher Scientific) us-
ing Mir-X miRNA qRT-PCR SYBR Master Mix (Clontech
Takara, cat. no. 639676) for miRNAs and KAPA SYBR
Fast Universal Mix (KAPA Biosystems, cat. no. KK4601)
for Fusobacterium and miRNA target genes. Expression
of candidate miRNAs and genes was calculated as ACT.
RNU48 was used as an internal control for microRNAs and
beta-actin for Fusobacterium and genes.

Analysis of the qPCR validation set oral patient samples

A set of 99 oral patient samples (tumor = 74, adjacent
normal = 25) was used to perform real-time PCR-based
quantification of F. nucleatum and validate the deregu-
lated molecular factors associated with the pathogen lev-
els. The validation set included 19 tumor-normal paired pa-
tient samples. gPCR-based levels of F. nucleatum were de-
termined in the 74 tumors and the top and bottom quan-
tiles (n = 18 in each group) of tumor samples were used as
Fusobacterium-high and -low tumor samples, respectively.
Gene and miRNA quantities were compared between these
two groups of patient samples (7 = 36 tumors) and signifi-
cance was computed using the Wilcoxon rank-sum test.

RESULTS

Genomic landscape of pathogens across cancer type identi-
fies mutual exclusivity of F. nucleatun and HPV in HNSC
tumors

We reanalyzed TCGA and in-house generated 239 whole
exome and 1168 transcriptome samples representing breast
(38), lung (27), colorectal (28), gallbladder (39), head and
neck (40), and cervical cancers (in-house sample statistics
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is provided in Supplementary Table S2) using IPD. IPD al-
lows normalized quantification (scaled by FPM) for 1060
infectious pathogens, including the most common cancer-
associated bacteria such as B. fragilis, H. pylori and F. nu-
cleatum, and viruses such as HPV, Epstein—Barr virus, hep-
atitis C virus and others. HPV has been characterized as an
etiological factor in cervical cancer (41) and is considered
as an independent risk factor in oropharyngeal tumors (42).
However, studies from our lab and others have reported no
association of HPV with the Indian oral tumors (40,43-44).
Our analysis of the exome samples reiterates that there is no
evidence of the presence of HPV in the in-house oral cancer
samples (n = 46); however, the prevalence of HPV 16 and
related strains was found in 44.18% cervical tumors (range
= 0-254.04 FPM, mean = 14.62 FPM). Among the bac-
terial species, we observed abundance of B. fragilis (range
= 0-10.95 FPM, mean = 0.275 FPM) and F. nucleatum
(range = 0-0.458 FPM, mean = 0.045 FPM) in 11.63% and
48.15% colorectal tumors (12,45), respectively. Enrichment
of no known cancer-associated pathogen was observed in
lung cancer samples. However, we observed traces of Pseu-
domonas in 82.69% of lung tumors (range = 0-39.34 FPM,
mean = 1.27 FPM), which is reported to be enriched in
cancer patients with febrile neutropenia (46), a secondary
infection observed post-therapy in lung cancer patients. A
high abundance of Escherichia was detected at DNA level
across cervical, colorectal, lung and gallbladder tumors. In-
flammatory bacteria such as Neisseria, Pseudomonas, Pre-
votella, Streptococcus and Fusobacterium were found to be
specifically present in the oral tumor samples (Supplemen-
tary Figure S1). The abundance of these and other bacteria
has been confirmed by metagenomic sequencing studies in
head and neck tumors (19.,47).

From the transcriptome dataset of the breast, cervical,
colorectal, and head and neck cancer samples analyzed us-
ing IPD, distinct pathogen signatures were observed among
the tumors (Figure 1). Since the transcriptome dataset used
in the analysis is generated using two different capture
methodologies (polyA and ribo-depleted), we checked for
the difference in the pathogen quantification due to se-
quencing method/protocol. The total microbial read count
generated by Kraken2 was found to be comparable across
the tumors sequenced using two capture methods (Supple-
mentary Figure S2A and B). Further principal component
analysis (PCA) was performed to assess any batch effect
due to sequencing protocols in the data. However, no spe-
cific clustering of the samples was observed based on the
IPD-based pathogen read counts (Supplementary Figure
S3). Among the tumor types analyzed, breast tumors were
found to bear the least infectious pathogen burden for the
1060 pathogens quantified. Recent studies have reported en-
richment of Fusobacterium in breast tumors (48); however,
we did not find similar enrichment in our in-house breast
transcriptome samples. We further computed the TMiB (as
described in the ‘Materials and Methods’ section), which
indicates the proportion of captured pathogen reads among
the reads sequenced per sample. The in-house breast tran-
scriptome samples showed comparable TMiB to other tu-
mor types, suggesting that the low Fusobacterium burden
certainly depicts the absence of pathogen and may not be
due to lack of capture of overall microbiota in these tu-
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mors (Supplementary Figure S4A and B). Among the tran-
scriptome of cervical tumors, expression of HPV was ob-
served in 90.48% samples (range = 0-325.79 FPM), consis-
tent with earlier reports (49). The common inflammatory
bacterium observed in the DNA samples was also found
to be expressed in the transcriptome data across the cervi-
cal, colorectal, and head and neck tumors. Colorectal tu-
mors form a subgroup associated with the overabundance
of Fusobacterium (12,36). From the analysis of TCGA
colon adenocarcinoma (TCGA-COAD, n = 521) and in-
house colorectal (n = 33) transcriptome samples, we ob-
served pathogenic E. coli (95.33%; range 0-167 90.79 FPM),
Shigella (94.915%; range 0-2481.066 FPM) and Cutibac-
terium (94.703%; range 0-2129.54 FPM) to be the top abun-
dant pathogens. The known colorectal oncobacteria Fu-
sobacterium and Bacteroides were found to be expressed in
78.21% (range = 0-2460.4 FPM, mean = 19.16 FPM) and
83.5% (range = 0-4064.5 FPM, mean = 24.88 FPM) in the
colorectal tumor samples, respectively.

In the HNSC (n = 512) tumor samples, which included
in-house oral and TCGA-HNSC samples, we observed the
high abundance of HPV (abundance >1 FPM) in 12% (n
= 63) of the HNSC tumors, consistent with earlier reports
(50). HPV is one of the prominent etiological factors of
oropharyngeal tumors (51) and is known as the cancer-
causing agent in head and neck tumors (52). Among the
known pathogens associated with HNSC, Fusobacterium
traces were present in 75.9% of HNSC tumors (range = 0—
98.66 FPM, mean = 2.35 FPM), comparable to the colorec-
tal tumors (78.2%). We observed that HPV and Fusobac-
terium formed distinct clustering of samples in the HNSC
tumor. By using the tumor samples having the pathogen
high and low status defined (described in the ‘Materials
and Methods’ section), mutual exclusivity was calculated
for the two pathogens. Interestingly, HPV and Fusobac-
terium were found to be mutually exclusive in the HNSC
tumors (P-value = 0.0146). A map depicting overlap and
prevalence of the four major pathogens (HPV, Fusobac-
terium, Bacteroides and pathogenic E. coli IAI39), across
the transcriptome dataset, has been summarized in Supple-
mentary Figure S5A and D. We further evaluated whether
the Fusobacterium-rich subgroup of tumors also formed a
distinct molecular and/or clinical subtype of the HNSC tu-
mors.

Fusobacterium is associated with an inflamed microenviron-
ment in the head and neck tumors

As various HPV strains are known to impart a signifi-
cant influence over the gene and immune expression pro-
file in head and neck cancer (53), all the tumors show-
ing HPV expression >1 FPM were annotated as HPV-
positive. To correlate Fusobacterium abundance with molec-
ular and clinical features, we used the 438 HPV-negative
tumor samples from TCGA-HNSC. These were then di-
vided into Fusobacterium-high and -low, by sorting the
samples based on pathogen burden gradient. Of these,
133 tumors showed no expression of F. nucleatum and
were considered to be Fusobacterium-low and the top 10%
quantile (n = 44) as Fusobacterium-high. We performed
differential expression analysis between these two sub-
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groups, which identified 60 upregulated and 198 downreg-
ulated genes (Supplementary Table S3). Reactome (54)-
based overrepresentation analysis of the upregulated genes
showed keratinization/cornified envelope formation (P-
value = 7.88e—15) and interleukin signaling (P-value =
7.88e—15) as the top enriched pathways, which are also
reported to be primarily activated in the oral epithelium
during bacterial dysbiosis and inflammation (55) (Supple-
mentary Table S4). To get a comparative account of the
pathogen-induced expression profile change, a similar anal-
ysis was performed between HPV-positive versus -negative
TCGA-HNSC tumors. We observed 209 upregulated and
553 downregulated genes in HPV-positive tumors. Com-
paring the list of deregulated genes among Fusobacterium-
based and HPV-based differential analysis, 34 genes were
found to be commonly downregulated (Supplementary Fig-
ure S6A); however, no gene was commonly upregulated
among the two subgroups (Supplementary Figure S6B).
This suggests a distinct role of the two pathogens in the
modulation of the HNSC tumor gene expression profile.
Among those differentially expressed, MM P10, a poten-
tial biomarker for prediction of nodal metastases in oral
cancer (unpublished data), was found to be significantly
higher in the Fusobacterium-high subgroup (Supplemen-
tary Figure S7), suggesting a potential association between
the Fusobacterium load and nodal metastases. Addition-
ally, multiple inflammatory pathway genes (n = 118) were
found to be upregulated (adjusted P-value <0.05) in the
Fusobacterium-high TCGA-HNSC subgroup. Among the
inflammatory pathway genes, we selected /LB, IL6 and
ILS8 as representative effector molecules for the real-time
gPCR validation. The in-house validation sample set con-
sisted of clinically assessed early-stage tongue tumors. In the
validation cohort (n = 74), real-time qPCR of 16S RNA
gene of Fusobacterium was performed and the upper and
lower quantile tumors were stratified as Fusobacterium-high

and -low, based on their pathogen load (described in the
‘Materials and Methods’ section). There were 19 tumor—
normal pairs in the validation sample set, in which we
compared the levels of Fusobacterium. However, no dif-
ference was observed in its levels in the tumor and nor-
mal samples (Supplementary Figure S8). Analysis showed
that the three selected pro-inflammation markers (/LIB,
1L8, I1L6) were significantly higher in the Fusobacterium-
high tumor samples (Figure 2A-C), suggesting elevated lev-
els of inflammation in these tumors. Being inflammatory
response mediators, overexpression of TLR4 and NFkB
is reported in response to Fusobacterium infection in col-
orectal tumors (56). However, we observed no difference
in the mRNA expression levels of NFxB and TRL4 in the
in-house Fusobacterium-high and -low tongue tumor sub-
groups (Figure 2D and E), unlike colorectal cancer.
Inflammatory pathways are also mediated by the expres-
sion of specific miRNAs and have been considered as use-
ful biomarkers in cancer, as well as pathogenic infections
(57). In the TCGA-HNSC HPV-negative tumors, we per-
formed differential miRINA expression analysis between the
Fusobacterium-high (n = 44) versus Fusobacterium-negative
(n = 130) tumors. Similarly, differential miRNA expression
analysis was also performed between the TCGA-HNSC tu-
mor versus normal, and HPV-positive versus -negative tu-
mor samples. In total, 62 miRNAs (30 upregulated and 32
downregulated) were identified to be deregulated (Supple-
mentary Table S5) in the Fusobacterium-based comparison.
Of the 62, by overlapping with the tumor-normal and HPV
positive—negative differential miRNA lists, we identified 12
upregulated and 11 downregulated miRNAs that were spe-
cific to the Fusobacterium-high subgroup of the HNSC tu-
mors (Figure 3A and B). We selected top five upregulated
(hsa-mir-451a, hsa-mir-675, hsa-mir-203a, hsa-mir-144, hsa-
mir-486-1) and three downregulated (hsa-mir-1269b, hsa-
mir-9, hsa-mir-598) miRNAs for validation in the in-house
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Figure 2. qPCR-based validation of inflammation marker genes (A) /LI B, (B) ILS, (C) IL6, (D) NFk B and (E) TLR4 in the Fusobacterium-high and -low
in-house tongue tumor samples (n = 18 each). Samples with Ct value greater than 32 were excluded from the analysis.

tongue cancer samples (details are provided in Table 1).
Of the upregulated miRNAs, expression levels of Asa-mir-
451a, hsa-mir-675 and hsa-mir-486-1 were found to be sig-
nificantly elevated in the Fusobacterium-high subgroup of
tongue tumors (Figure 3C-E), whereas others were invali-
dated. Individually, the three validated miR NAs have previ-
ously been reported to be involved in inflammation (58-60).
Additionally, the experimentally validated targets of these
miRNAs have also been reported to be directly involved
in the inflammatory pathway. For example, has-mir-451a
targets major genes in the inflammatory pathway, such as
MIF (61), AKTI (62), MYC (63) and IKBKB (64), among
others. CD40, a major mediator of inflammation response
toward bacterial infection, is a known target of hsa-mir-
486-1 (65). However, hsa-mir-675 targets RUNXI (66), a
major suppressor of TLR4-based inflammatory response
(67). This suggests direct as well as indirect involvement
of the three validated miRNAs in inflammatory response
management. Overall, we identified several Fusobacterium-
associated miRNAs in the head and neck tumors and
validated three hsa-mir-451a, hsa-mir-675 and hsa-mir-
486-1 to be positively correlated with Fusobacterium
burden.

Fusobacterium-high HNSC tumors are associated with a pro-
tumorigenic immune microenvironment

Fusobacterium abundance has been shown to influence the
tumor immune microenvironment and gene expression pro-
file in colorectal tumors (68,69). Gene expression-based ap-
proaches, such as CIBERSORT (33), are used to decipher
the fraction of individual immune cells from tumor environ-
ment. We thus obtained the precomputed, CIBERSORT-
based immune cell fraction scores for the TCGA-HNSC
tumor samples from the GDC and compared their levels
between the Fusobacterium-high and -low TCGA-HNSC
subgroups. Among the various immune cell types, acti-
vated mast cell (P-value = 6.2e—07), neutrophil (P-value
=0.018), activated dendritic cell (P-value = 0.031) and M2
macrophage (P-value = 0.035) fractions (scores) were en-
riched, whereas regulatory T-cell (P-value = 9.8e—04) frac-
tions were significantly low in the Fusobacterium-high sub-
group (Figure 4). There was no significant difference ob-
served between the major antitumor immune cell (CD8*
and CD4"% T cells and B cells) composition between the
two subgroups, which is in contrast to colorectal tumors
(70). Based on the immune cell enrichment scores, we also
computed the NLR, which is a marker for systemic in-
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Figure 3. MicroRNAs associated with the load of Fusobacterium in the HPV-negative HNSC tumors. (A, B) Up- and downregulated miRNAs in the tumor
versus normal (red), HPV-positive versus -negative (green) and Fusobacterium-high versus -negative (blue) tumors, respectively. Differentially expressed
miRNAs miR-451 (C), miR-675 (D) and miR-586-1 (E) validated using qPCR in the Fusobacterium-high and -low in-house tumor samples (n = 18 each).

flammation and an important prognostic marker in head
and neck tumors (71). NLR was significantly found to
be higher in the Fusobacterium-high (P-value = 0.0084)
TCGA-HNSC subgroup (Supplementary Figure S9). Im-
mune signature analysis indicates that Fusobacterium load
is associated with an inflamed, innate immune cell-enriched
and potentially pro-tumorigenic microenvironment, as op-
posed to the HPV-positive HNSC tumors that display T-cell
inflamed phenotype (72).

Fusobacterium burden is associated with poor survival and
higher extracapsular spread among tongue cancer patients

Since the Fusobacterium levels are shown to have elevated
inflammation and a distinct immune profile, we further eval-
uated its possible relation with clinical features and pa-
tient survival. From the validation cohort (detailed in Ta-
ble 1) of the in-house tongue tumors, the clinical feature
and survival details were available for 52 of the 74 pa-
tients screened for Fusobacterium. For these patients, the
Fusobacterium-high and -low status was assigned based on
the best-performing CT value cutoff of KMPlot. Com-

paring the overall survival, the in-house patient samples
showed that Fusobacterium-high patients showed poor sur-
vival (log-rank P-value = 0.016) (Figure 5A). Since all the
in-house patient samples were of tongue origin, we segre-
gated the TCGA-HNSC HPV-negative tumors based on the
defined anatomical site and performed survival analysis us-
ing the patients with tumor of tongue origin (# = 107). Con-
sistent with the observation from the in-house tumor sam-
ples, the TCGA tongue cancer patients with Fusobacterium-
high status showed a trend of poor overall survival (haz-
ard ratio = 1.67, log-rank P-value = 0.14) (Figure 5B).
We further applied Cox proportional hazard model to de-
scribe risk factors. In addition to Fusobacterium load sta-
tus, alcohol usage, smoking status, tobacco usage, nodal
status, disease recurrence status, perineural invasion, lym-
phovascular invasion and extracapsular spread status were
used as covariates. Among these, Fusobacterium-high sta-
tus (2.66e+01), smoking (5.24), tobacco (1.34e+01), ex-
tracapsular spread (2.59¢+01) and disease recurrence sta-
tus (4.02e+01) showed positive regression coefficients, al-
though none of the factors was statistically significant.
Next, we performed association analysis between the
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Figure 4. Comparison of individual immune cell type fractions (based on the CIBERSORT scores) among the TCGA-HNSC Fusobacterium-high (n =

44) versus Fusobacterium-negative (n = 130) subgroups.

Fusobacterium burden status (as assigned by KMPIlot) with
lymph node positivity, lymphovascular invasion, perineu-
ral invasion, extracapsular spread and recurrence status of
the in-house tongue tumors. Among these, higher Fusobac-
terium was associated with the presence of extracapsular
spread (Fisher test; odds ratio = 4.98, P-value <0.05). Fu-
sobacterium load was not found to be associated with alco-
hol consumption, tobacco smoking or chewing status in the
patient cohort. Overall, Fusobacterium burden was found to
be associated with poor prognosis and higher extracapsular
spread, especially in tongue tumor cancer.

DISCUSSION

Pathogen-induced inflammation is a major factor determin-
ing the disease outcome and response to therapy (73,74).
Several pathogens have been categorized as cancer risk fac-
tors in different cancers, with studies emphasizing the role
of periodontal pathogens in head and neck cancer. En-
richment of specific bacterial populations has been asso-
ciated with tumors, mainly using metagenomic sequenc-
ing datasets. Recently, identification of viral and bacte-
rial pathogens has also been performed from the human

DNA and RNA sequencing data, using varied computa-
tional tools (22). In this study, we systematically analyzed
239 whole exome and 1168 whole transcriptome sequenc-
ing datasets representing six tumor types: breast, cervi-
cal, colorectal, lung, gallbladder, and head and neck can-
cers, to quantify the abundance of 1060 pathogens using
our previously published method (IPD). This method al-
lows us to generate a normalized quantification for diverse
cancer-associated pathogens among different tumor types,
directly from the NGS datasets. From the landscape of
pathogens identified across the sequencing dataset, we ob-
served traces of known cancer-associated pathogens such
as HPV in cervical and HNSC tumors, B. fragilis and
pathogenic E. coli in colorectal tumors, and F. nucleatum in
colorectal and HNSC tumors. Interestingly, Fusobacterium
persistence was found to be in the comparable frequency in
colorectal and HNSC tumors. In the HNSC transcriptome
samples, HPV was found to be forming a distinct subtype.
HPV-associated HNSC tumors have been previously char-
acterized and are reported to form a distinct clinical and
molecular subtype (50). Specifically, in the HPV-negative
oral tumors, periodontal pathogens have been reported to
be a risk factor (21). In our analysis, we observed that
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Fusobacterium-high tumors formed another distinct sub-
group in HNSC, which was mutually exclusive to the HPV-
high subgroup. Fusobacterium has been primarily reported
to be associated with poor prognosis and recurrence in
colorectal tumors (36,75). Along with other inflammation-
inducing pathogens, it has also been reported to be signif-
icantly enriched in head and neck tumors (19,76). Further,
only considering the HPV-negative TCGA-HNSC samples
(n = 438), we classified tumors having top 10% pathogen
load as Fuso-high and with no expression as Fuso-negative.

To unveil the molecular and clinical features associated
with Fusobacterium burden in HNSC, we performed differ-
ential gene expression analysis between the Fusobacterium-
high versus -low tumors. The significantly upregulated
genes were strikingly different from the genes upregulated
in HPV-positive HNSC tumors. Fusobacterium-high tu-
mors had 118 inflammatory pathway genes upregulated,
suggesting an inflamed tumor microenvironment. Among
these, MMP10, a biomarker for lymph node metastases
in oral tumors (unpublished data), was also found to be
positively associated with Fusobacterium burden in TCGA-
HNSC tumors. This suggests a possible role of Fusobac-
terium in nodal metastases in oral tongue tumors by in-
duction of chronic inflammation. To further validate the
association between Fusobacterium burden and inflamma-
tion, we evaluated the levels of pro-inflammatory cytokines
ILIB, IL8 and IL6 in Fusobacterium-high and -low in-
house early-stage tongue tumor samples (n = 75). Expres-
sion of these cytokines was found to be significantly higher
in the tongue tumors having a higher load of Fusobac-
terium. These inflammation markers are known to get acti-
vated upon TLR signaling. Monolayer co-infection exper-
iments have shown that Fusobacterium induction enhances
TLR signaling in cell line and mouse models (77,78). How-
ever, the transcript levels of NFikB and TLR4 remain un-
altered in Fusobacterium-high tongue tumors, unlike col-
orectal tumors wherein the activity as well as transcrip-
tional elevation is observed upon Fusobacterium infection.
Inflammation is also known to be tightly regulated by

the miRNA expression profile in the backdrop of infec-
tion and cancer. We identified differentially expressed miR-
NAs in Fusobacterium-high versus -negative, HPV-negative
TCGA-HNSC tumors and compared the list of deregulated
miRNAs with the ones associated with HPV and HNSC
tumor only. From the miRNAs deregulated specifically in
the Fusobacterium-high group, we selected eight (five up-
regulated and three downregulated) miRNAs for valida-
tion in the in-house tongue cancer patient cohort. Of these,
three upregulated miRNAs miR-451a, miR-675 and miR-
486-1 were validated to have significantly higher expres-
sion in the Fusobacterium-high tongue tumors. These three
miRNAs have been previously independently reported to be
biomarkers of progression, treatment response and disease
prognosis in different tumor types and have also been linked
to inflammation (58-60,79).

Viral infection and bacterial dysbiosis have been linked to
a distinct immune profile of the tumors. Very little is known
about the HPV-negative HNSC tumors in terms of the im-
mune cell composition and function (80). We evaluated
the immune cell composition of the HPV-negative HNSC
tumors and observed enrichment of innate immunity cell
types, including neutrophils, M2 macrophages, mast cells
and dendritic cells, in tumors with a higher burden of Fu-
sobacterium. These tumors were also found to have a higher
NLR, indicating an inflamed state. The expression analysis
of the inflammation-related genes and immune cell enrich-
ment analysis suggest Fusobacterium burden is a highly in-
flamed, pro-tumorigenic tumor microenvironment.

Further, we performed a correlation of the Fusobacterium
burden with various clinical features. We primarily observed
that a higher burden of the pathogen is associated with
the lower overall survival in in-house tongue cancer pa-
tients. We extended the analysis to the HPV-negative TCGA
oral tongue tumor patients and observed a marginally sig-
nificant difference in the survival, consistent with the in-
house tongue cancer samples. We also performed an asso-
ciation analysis of the pathogen burden with different clini-
cal features, including perineural invasion, lymph node pre-



sentation, and extracapsular and lymphovascular spread.
Among these, we observed a significant association of
Fusobacterium burden with the presence of extracapsular
spread in tongue cancer patients. This suggests that a higher
Fusobacterium burden is a poor prognosis factor and may
be associated with higher invasion and metastasis, especially
in patients with tongue tumors. Since the clinical associa-
tion and validation patient samples were primarily clinically
assessed for early-stage tumors, this study highlights role of
Fusobacterium in the early-stage tongue tumors, which are
on the rise in the developing countries. The role of Fusobac-
terium in tongue cancer may follow the disease progression
models implicated in colorectal and pancreatic cancers, with
tumor type and site-specific presentation of the molecular
features. Recent studies have also shown Fusobacterium bur-
den to be associated with recurrence, smoking and tobacco
chewing status among other clinical features in head and
neck cancer (81). In our samples, we did not observe these
associations, probably because of the smaller cohort size.
Another considerable deficiency of this study is unavail-
ability of clinical information regarding treatment history
and pre-operative prophylactic antibiotic treatment, if any.
Since both of these factors may influence the prevalence of
microbes in the tumor microenvironment, inclusion of this
information may further add significance, also with respect
to the disease outcome in the context of prevailing infection.
Additionally, capture of pathogens from the human exome
sequencing is primarily dependent on the nonspecific cross-
hybridization of the pathogen DNA with the probes. Also,
the different types of RNA sequencing capture kits (such as
polyA and ribo-depletion) may have differential sensitivities
for detecting the microbial transcripts, affecting their quan-
tification in the computational subtraction. Finally, the Fu-
sobacterium burden and its tolerance across ethnicities may
be driven by oral hygiene, immunity, geographical and di-
etary factors, which may present a different outcome in dif-
ferent populations.

Our study presents a comprehensive landscape of
pathogens identified from the genomic dataset of Indian
origin, across six different tumor types. Combining the
TCGA data, we identify a subgroup of poor prognosis
tongue tumors, which may be primarily driven by the in-
flammation due to pathogens such as Fusobacterium and
points to important clinical implications of the burden of
the periodontal pathogens, especially in HPV-negative head
and neck cancer patients. This may provide a rationale to
further design studies to understand the variability in treat-
ment response, disease recurrence and resistance, and adop-
tion of additional measures such as the use of antibiotics for
tumors of specific origin, similar to colorectal cancer.
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