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Abstract
Fusobacterium nucleatum (FN) is an opportunistic pathogen associated with several 
diseases, including periodontitis, cardiovascular disease, and colorectal cancer. 
Owing to genetic variation, FN strains may display distinct epitope profiles to the 
host immune system. Likewise, the human leukocyte antigen allele repertoire is 
highly polymorphic and varies across ethnic groups. This study examines how these 
variations influence immune recognition of FN among different ethnicities and 
evaluates the potential for autoimmune responses arising from cross‑reactivity with 
the FN proteome. A set of 140 experimentally verified epitopes and their variants 
was analyzed for binding affinities to major histocompatibility complex Class‑I and 
Class‑II molecules. Using the prevalence of these molecules across ethnicities and 
their affinity for FN epitopes, a new metric—pathogen detection capacity (PDC)—
was formulated. PDC enabled comparison of FN recognition across populations. 
Additionally, the FN proteome was assessed for similarity to human epitopes 
implicated in autoimmune disorders. Results showed that European, South Asian, 
and Amerindian populations had a greater potential to detect FN, whereas Oceanian 
groups exhibited comparatively lower PDC values. Within super‑populations, 
ethnicities that migrated from their ancestral homelands displayed altered PDC 
profiles relative to non‑migrating groups. The analysis also identified four previously 
unreported FN peptide fragments with potential antigenic properties. Overall, this 
study provides a foundational framework for understanding FN immunogenicity and 
its variation across ethnicities. The findings highlight that disease pathophysiology 
can differ meaningfully among populations and that ethnicity‑specific medical 
strategies may contribute to improved therapeutic outcomes.
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1. Introduction
The human leukocyte antigen (HLA) system, also referred to as the major 
histocompatibility complex (MHC) gene repertoire, is integral to immune recognition 
and modulates the host immune response to infections.1,2 It encodes cell-surface molecules 
that present antigenic peptides to T-cells.1 HLA molecules are highly polymorphic, 
with various alleles influencing the adaptive immune system’s ability to differentiate 
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between self and foreign antigens.2 While MHC Class-I 
molecules, encoded by genes at loci HLA-A, HLA-B, and 
HLA-C, present peptides from intracellular pathogens to 
CD8-positive cytotoxic T-cells, MHC Class-II molecules, 
encoded by genes in the HLA-DP, HLA-DQ, or HLA-DR 
region, present peptides from extracellular pathogens to 
CD4-positive helper T-cells.1 The polymorphism in HLA 
alleles contributes to genetic variability across populations 
and influences susceptibility to pathogens.2,3 Variations 
in HLA alleles can alter the range of peptides they bind, 
affecting immune responses to specific pathogens and the 
infections they cause.3,4

Fusobacterium nucleatum (FN), a Gram-negative 
bacterium historically regarded as an oral commensal, 
has emerged as an opportunistic pathogen linked to 
multiple human diseases, including periodontal disorders, 
cardiovascular disease, colorectal cancer (CRC), and 
adverse pregnancy outcomes.4-12 FN contributes to 
periodontal disease through biofilm formation and 
inflammation,5 while its dysregulation in the microbiota 
can lead to systemic inflammation and increased risk of 
atherosclerosis and other diseases.8,11 In CRC, FN fosters 
a tumor-promoting environment by inducing local 
inflammation and inhibiting anti-tumor immune responses 
through Fap2-mediated interactions with receptors such 
as the T-cell immunoreceptor with IgG.4,5,11,13,14 These 
dynamics raise critical questions about the bacterium’s 
ability to evade immune detection, an aspect that has 
profound implications for disease manifestation.

Given the known polymorphisms in HLA alleles, it is 
likely that individuals from different ethnicities would also 
vary in their ability to detect FN through their immune 
repertoires (antigenic potential). Additionally, certain 
FN strains may possess genetic adaptations15 that allow 
them to evade host immunity, leading to increased risk of 
infection or disease. Therefore, our study aims to explore 
the hypothesis that the antigenic profiles of diverse FN 
strains differ across ethnicities and whether FN-derived 
epitopes may resemble human epitopes, potentially 
triggering autoimmune responses.

Results from our analysis indicate that the antigenic 
profiles of different FN strains indeed vary, with potential 
implications in immunogenic responses across ethnic 
groups. Notably, populations from Europe, South Asia, 
and the Americas showed higher pathogen detection 
capacity (PDC) against FN compared to Oceanian 
ethnicities, who demonstrated lower PDC. Furthermore, 
migrant South Asian (SAS) and African populations (in 
the USA) exhibited distinct PDC profiles, suggesting that 
ancestral homogeneity influences immune recognition. 
In our investigation, we also identified four novel peptide 

fragments from the FN proteome that are homologous 
to human epitopes, underscoring the potential for 
autoimmune reactions.

2. Materials and methods
2.1. Data acquisition

The protein sequences of the 12 fully sequenced FN strains 
were retrieved from the National Center for Biotechnology 
Information Genome Database on September 25, 
2023 (Table 1). Furthermore, the information on the 
experimentally verified epitopes in FN was obtained from 
the Immune Epitope Database (IEDB).16 This dataset 
consisted of 140 unique epitope sequences with lengths 
varying between 9 and 18 amino acids. Human epitopes 
possibly associated with autoimmune disorders were also 
obtained from IEDB. Information on the distribution of 
HLA alleles among 82 ethnic populations was obtained 
from earlier publications.3 This comprised 342 HLA allelic 
gene products, with 258 and 84 alleles corresponding to 
MHC molecules Class-I and Class-II, respectively, which 
have been observed to occur at frequencies ≥ 0.01 across 
various ethnicities.

2.2. Mapping the epitopes (and their variants) to the 
Fusobacterium nucleatum strains

The 140 epitope sequences obtained from IEDB were 
mapped on the protein sequences of the studied FN strains 
using the Basic Local Alignment Search Tool (BLAST) 
program (Version 2.13, NCBI, USA).17 In this step, epitope 
sequences were queried for exact matches (100% identity 
and 100% overlap) against a database comprising the 
protein sequences of all 12 studied FN strains. Results 
were parsed using in-house Python scripts (Version 3.10, 
Python Software Foundation, USA). It may be noted that 
none of the 140 reported epitopes mapped to the combined 
proteome of the 12 FN strains. Thus, to accommodate 
mutations within these 140 epitopes, further analysis of the 
BLAST output was performed. In this step, the FN protein 
sequence segments matching the epitope sequences with at 
most one mismatch—insertion, deletion, or substitution—
were also noted. Since the antigenic potential of these 
sequences was unknown, they were considered potential 
epitopes.

2.3. Predicting the binding affinity of epitopes

While a list of experimentally verified epitope sequences 
in FN was available from IEDB, information on the affinity 
of these epitopes for the MHC molecules was unavailable. 
Thus, the MHC I Binding and MHC II Binding prediction 
tools available on IEDB were used for this purpose.16 The 
NetMHCPan (Version 4.1, DTU Health Tech, Denmark) 
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binding affinity method (as recommended by IEDB) 
was employed for binding prediction, with the MHC 
source species set to human. The list of 342 HLA alleles 
(258 MHC Class-I and 84 MHC Class-II), mentioned 
in the data acquisition step, was used to assess epitope-
binding affinity. For the MHC I Binding prediction tool, 
amino acid segments of length 9 to 14 were considered. 
The corresponding length range for the MHC II Binding 
prediction tool was 11–18 amino acid stretches. In addition 
to the 140 epitopes downloaded from IEDB, the exercise 
was also performed for the potential epitopes obtained in 
an earlier step. Epitope binding to MHC molecules with 

half maximal inhibitory concentration (IC50) values < 50 
nM was considered as a strong binding, wherein the lower 
IC50 values were indicative of the stronger binding affinity 
of an MHC molecule for an epitope.

2.4. Determining the propensity of each ethnicity to 
detect the Fusobacterium nucleatum strains

The epitopes present in each of the 12 FN strains varied. 
Therefore, the propensity of an ethnic group to detect each 
FN through their repertoire of the HLA alleles prevalent 
in the population would also vary. Furthermore, given the 
polymorphic nature of HLA genes, this potential to detect 

Table 1. List of the 12 Fusobacterium nucleatum (FN) strains analyzed in this study

Strain/biosample ID
Isolation Mapped epitopes % of variant 

epitopesGeography Site Total Original Variant

FNP/SAMN33169818 China: Shandong Oral/dental 130 75 55 42.31

FNA/SAMN33170517 China: Shandong Oral/dental 129 77 52 40.31

FNU/SAMN33170998 China: Shandong Oral/dental 124 73 51 41.13

FNV/SAMN33170584 China: Shandong Oral/dental 130 69 61 46.92

MGYG-HGUT-01347/
SAMEA5850850 UK Gut 128 70 58 45.31

ChDC F317/SAMN03263083 South Korea: 
Gwangju Oral/dental 134 103 31 23.13

KCOM 1322/SAMN03263583 South Korea: 
Gwangju Oral/dental 134 103 31 23.13

2_1_50A/SAMN33244396 USA Pure cell culture 126 73 53 42.06

25586/SAMN08706662 USA: Virginia Oral/dental 133 107 26 19.55

JD-Fn1/SAMN32721952 China: Shanghai Oral/dental 126 75 51 40.48

ATCC 25586/SAMN02603417 USA: Illinois Oral/dental 134 108 26 19.40

ATCC 23726/SAMN08501025 USA: Virginia Urogenital tract 133 102 31 23.31

Note: In each strain, the number of epitopes that are mapped to the list of FN epitopes available in the Immune Epitope Database with (variant) and 
without (original) mismatches is indicated.
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the pathogen would vary across ethnic populations. To 
capture this, we devised a metric, PDC. It was determined 
as in Equation 1:

1 1

1    
50

n methnicity ethnicity
strain hlahlae hla

e

PDC frequency
IC= =

 
= × 

 
∑ ∑ 	 (1)

where  ethnicity
strainPDC  is the PDC of an ethnicity to detect a given 

FN strain; e (ranging from 1 to n) represents the number 
of epitopes encoded by the FN strain;  50hla

eIC  represents 
the IC50 value for an epitope e for the corresponding HLA  
gene product; hla  is the total number of HLA gene alleles 
considered (m = 342 in this case); and ethnicity

hlafrequency  is 
the frequency of occurrence of a HLA  gene allele in the 
ethnicity.

2.5. Aligning human epitopes to Fusobacterium 
nucleatum proteome

Similarities between the experimentally verified human 
and the FN epitopes were analyzed using BLAST. The 
results were further parsed using in-house Python scripts 
to identify human epitopes with at least 75% sequence 
identity and 75% sequence overlap with any FN epitope. In 
additional analysis, human epitopes potentially associated 
with autoimmune disorders were queried for exact matches 
(100% identity over the entire length of the epitope) against 
the entire repertoire of protein sequences of the 12 studied 
FN strains. Only linear human epitopes were considered 
for this analysis.

2.6. Statistical analysis and data visualization

Statistical analyses, including pairwise t-tests to assess 
differences in epitope recognition potential among super-
populations comprising all the ethnicities, were performed 
using matplotlib.pyplot and pandas packages in Python 
and visualized using Excel (Microsoft Corporation, USA). 
Benjamini–Hochberg corrected p-values (q-value) of 
0.05 were used to report the significant differences. The 
clustering of the FN strains was generated using Web-Igloo 
(TCS Research, India).18

3. Results
3.1. Fusobacterium nucleatum isolated from China 
encoded a higher proportion of variant epitopes

The 140 experimentally verified epitopes (Table S1A), as 
obtained from IEDB16 and their variants, were mapped 
against the protein sequences of FN strains using BLAST.17 
Twelve fully sequenced FN strains were used for the 
analysis. The site of isolation and the distribution of the 
epitopes among these 12 FN strains are provided in Table 
1. While the number of epitopes among the studied strains 
varied, the strains isolated from China encoded a higher 

proportion of variant epitope sequences with respect to 
those reported in IEDB (Table S1B). One strain each from 
the UK and the USA also followed this trend. Notably, 
the strains isolated from South Korea and strain 25586 
(isolated from the USA) did not harbor any of the variant 
epitope sequences. No major variations between the strains 
based on the site of infection/isolation were found. While 
111 epitopes were mapped to at least one of the FN strains, 
40 epitopes mapped to all the studied strains (Table S1C). 
After allowing for mismatch, variants of 77 out of these 111 
epitopes were further mapped to one or more FN strains. 
Of these, 11 variants mapped to all the FN strains (Table 
S1B). A total of 45 epitopes (including variants) could be 
mapped to only one strain. These were predominantly 
found in the FN strains isolated from China and a strain 
isolated from the USA (2_1_50A). Among the 29 epitopes 
that could not be mapped to any of the FN strains, five 
epitopes were found to be overlapping with FN protein 
sequences after allowing for mismatches (i.e., the epitope 
variants). The overall clustering of the studied FN strains 
based on the presence of epitopes is shown in Figure A1.

3.2. Recognition potential of Fusobacterium 
nucleatum epitopes by human HLAs varied widely

The MHC I and MHC II binding prediction tools hosted 
by IEDB16 were used to predict the binding affinities 
between human MHC molecules and the experimentally 
verified FN epitopes and their variants (Section 2). More 
than half of the original 140 FN epitopes (n = 81) were 
predicted to have strong binding affinity (IC50 values < 50 
nM) for at least one of the 342 human HLAs (Table S2A). 
This set of 342 human HLAs is known to be abundant 
among the studied ethnic groups. Among the 258 MHC 
Class-I associated HLA alleles, each of HLA-A*02:22, 
HLA-A*02:11, HLA-A*02:50, HLA-A*02:02, and HLA-
A*02:03 was found to recognize more than 10 FN epitopes 
(Figure 1A). Among the 84 MHC Class-II associated 
HLA alleles, HLA-DRB1*01:01, HLA-DRB1*04:01, HLA-
DRB1*10:01, and HLA-DRB1*13:02 presented the highest 
number of epitopes (Figure 1B). Furthermore, several 
epitopes were recognized by multiple HLA gene products. 
The most widely recognized epitopes were Epitope 136 
(YPITPSSPM), Epitope 79 (LDNKIILIPSIGIDK), Epitope 
28 (FTTDTAAAL), and Epitope 72 (KNTLIIMTSNIGSHF), 
which were recognized by 39, 26, 19, and 15 alleles, 
respectively (Figure 1C).

Among the variants, 53 epitopes exhibited strong 
binding affinity to at least one human HLA molecule 
(Table S2B). These were variants of 35 experimentally 
verified epitopes obtained from IEDB (Section 2). Of 
these, 16 epitope variants were predicted to have better 
binding affinity to a human MHC molecule compared with 
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Figure 1. The top 10 human (A) major histocompatibility complex (MHC) Class-I and (B) MHC Class-II alleles capable of recognizing the highest number 
of Fusobacterium nucleatum (FN) epitopes. (C) The top 10 FN epitopes that are recognized by the highest number of human MHC alleles.
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the original epitope, i.e., the epitope variant reported in 
IEDB (Table S2C). While four variants of Epitope 63 were 
predicted to have better binding affinities (IC50 value) than 
the variant available in the IEDB database, the greatest 
improvement in binding affinity with respect to the 
original epitope was seen in the case of Epitope 27. Notably, 
159 MHC Class-I and 44 MHC Class-II HLA alleles were 
predicted to lack binding affinity for any of the FN epitopes 
reported in IEDB or their variants (Table S2A).

It was therefore evident that the recognition potential 
(binding affinity) of the human HLA allelic repertoire 
for the individual FN epitopes varied widely. Thus, the 
distribution of FN epitopes, which were recognized by 
varying numbers of HLA alleles, was studied across strains. 
The epitopes were categorized as (i) most frequently 
recognized epitopes, those recognized by five or more 
HLA alleles, (ii) less frequently recognized epitopes, 
those recognized by less than five HLA alleles, and (iii) 
unrecognized epitopes, those not recognized by any of 
the HLA alleles used in this study. The distribution of the 
number of epitopes most and least frequently identified 
as well as unidentified by the human HLA repertoire 
was found to be similar for most of the studied strains 
(Table S2D), suggesting that the probability of differential 
recognition of an FN strain by the human HLA system is 
expected to be low. However, this potential may also be 
affected by the variability in the distribution of HLA genes 
among ethnicities.3

3.3. Ethnic groups differed in their potential to 
detect pathogens

It is evident from the results presented in Sections 3.1 
and 3.2 that the binding affinity/recognition potential 
of the HLA alleles for each of the FN epitopes varies 
widely. Furthermore, earlier studies have shown that the 
distribution of HLA alleles across ethnic groups differs 
substantially.3 Given this, we hypothesized that the 
combined potential of the repertoire of HLA genes encoded 
by an ethnicity to determine the presence of FN would 
also vary. We designed a metric termed PDC to test the 
above hypothesis. Using this metric, we compared the FN 
epitope detection potential of 82 ethnicities constituting 
seven super-populations (Table S3A) for each of the 12 
FN strains studied. Tables S3B–D list the computed PDC 
values of ethnicities for each of the 12 studied FN strains. 
The highest PDC values were observed in the Caucasoid 
European (EUR) and Amerindian (AMR) populations, 
with the Finnish population in Finland (EUR_FIN) and 
Netherlands UMCU (EUR_NEU) showing the highest 
values (Table S3B). In contrast, the Oceanian (OCN) 
ethnicities of Australia, Cape York Peninsula Aborigine 
(OCN_AUS), and Papua New Guinea, Madang (OCN_

PNG) reported the lowest PDC values (Table S3B). 
While the PDC via the MHC Class-II repertoire was 
highest among EUR ethnicities, a few AMR ethnicities 
from Mexico, such as Oaxaca Mixe (MXX) and Chiapas 
Lacandon Mayans (MXM), showed the highest PDC via 
the MHC Class-I repertoire (Table S3C, D). Interestingly, 
many of these Mexican ethnicities had extremely low PDC 
through MHC Class-II repertoire (Table S3D). Overall, 
EUR, SAS, and AMR demonstrated significantly higher 
PDC (q-value < 0.05) compared to most other super-
populations (Figure 2 and Table S3E). In general, OCN 
demonstrated the lowest recognition potential. Significant 
differences in strain-specific detection capacities were also 
noted for a few ethnicities. The detection capacities were 
lower in three strains, namely, FNU, JD-Fn, and 2_1_50A 
(Table S3B). In this context, the relatively higher ability of 
MXX to detect JD-Fn compared to the other FN strains 
was worth noting (Table S3D).

Within the super-populations originating from South 
Asia and Africa, ethnicities migrating to Western countries 
demonstrated a lower PDC via the MHC Class-II repertoire 
when compared to those who did not migrate and reside 
in their native environment (Figure 3A–F). Furthermore, 
in contrast to native AMRs, migrants of EUR (Caucasoid), 
SAS, and African origins had lower PDC values for 
MHC Class-I alleles but higher PDC values due to MHC 
Class-II alleles (Figure 3G and 3H). Among them, the EUR 
ethnicities residing in the USA demonstrated the highest 
PDC score via the MHC Class-II repertoire. Implications 
of this observation have been discussed in Section 4.

3.4. Fusobacterium nucleatum epitopes might induce 
autoimmunity by mimicking human epitopes

The list of human epitopes associated with autoimmune 
disorders was obtained from IEDB.16 The FN epitopes 
and their variants were compared to the human epitopes 
to detect FN epitopes that might induce autoimmunity 
in the host. None of the FN epitopes studied matched the 
human epitopes with 100% identity over the entire peptide 
length. The best match was noted for a variant of Epitope 
41 (Epitope 41.2), which aligned with a human epitope 
(IEDB id: 562550) with an e-value of 0.08 (identity 100%; 
coverage 80%). This variant of Epitope 41 was omnipresent 
in all studied FN strains. We further investigated the 
entire FN proteome to identify FN peptide fragments 
that might mimic a human epitope. Based on sequence 
similarity search, four peptides (potential epitopes) were 
found to be identical to human epitopes (Table 2). Three 
of these peptides were encoded by the genomes of all the 
FN strains studied. Notably, a human epitope identical to 
two of these potential FN epitopes (viz., LLDVTPLSL and 
ILDSRGNPTV) demonstrated the highest binding affinity 
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Figure 2. Comparison of Fusobacterium nucleatum epitope detection potential using the pathogen detection capacity (PDC) metric for 82 ethnicities 
constituting seven super-populations: Africans (AFRs), Amerindians (AMRs), East Asians (EASs), Europeans (EURs), Middle East and Africans (MEAs), 
Oceanians (OCNs), and South Asians (SASs) 
Abbreviation: MHC: Major histocompatibility complex.

Figure 3. Comparison of pathogen detection capacity (PDC) values for different ethnic groups. (A–C) Native vs. migrant ethnicities from South Asia 
(SAS). (D–F) Native vs. migrant ethnicities from Africa (AFR). (G–H) Native Amerindians, European (EUR) migrants to the American continent, and 
migrants from SAS and AFR. 
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with HLA-A*02:11, which is missing among individuals of 
Middle Eastern and African (MEA) ethnicity. The fourth 
potential epitope (viz., ILYGPPGTGK) was encoded by the 
genome of only a few of the strains isolated in China. Table 
S4 lists recently published studies that have examined the 
possible role of human epitopes (Table 2) in immune-
associated disorders. This aspect has been further explored 
in the next section.

4. Discussion
F. nucleatum is an opportunistic colonizer, capable of 
co-aggregating with various microorganisms in low-
oxygen environments.6 FN contributes to diseases such 
as periodontitis, oral mucositis, peri-implantitis, dental 
cavities, atherosclerosis, coronary artery disease, and 
CRC.4,6,8,11,12,15 Several studies have reported that variations 

Table 2. The list of Fusobacterium nucleatum peptides that mapped to the human epitopes possibly associated with autoimmune 
responses

Peptide sequence/
human epitope Human epitope ID Bacterial protein Human protein HLA-distribution (IC50 

value) FN-epitope

LLDVTPLSL Epitope-128046 Molecular chaperone 
DnaK

Heat shock cognate 71 kDa 
protein (UniProt: P11142); 
stress-70 protein, 
mitochondrial (UniProt: 
P38646)

HLA-A*02:11 (15.35), 
HLA-C*05:01 (29.58), 
HLA-C*08:02 (42.87)

Present in all 
studied strains

ILDSRGNPTV Epitope-193945 Phosphopyruvate 
hydratase

Gamma-enolase (UniProt: 
P09104); 
beta-enolase (UniProt: 
P13929)

HLA-A*02:11 (17.67) Present in all 
studied strains

ILYGPPGTGK Epitope-212333 AAA family ATPase; 
McrB family protein

26S proteasome regulatory 
subunit 4 (UniProt: P62191)

HLA-A*03:01 (9.38), 
HLA-A*03:02 (40.91)

Present in 
three strains 
(FNA, FNU, 
JD-Fn1)

KEIFLRELI Epitope-212997
Hsp90 protein; 
molecular chaperone 
HtpG

Heat shock protein HSP 
90-alpha (UniProt: P07900); 
heat shock protein HSP 
90-alpha A2 (UniProt: 
Q14568); 
heat shock protein HSP 
90-beta (UniProt: P08238); 
endoplasmin (UniProt: 
P14625)

HLA-B*40:04 (15.84), 
HLA-B*40:02 (18.4), 
HLA-B*41:02 (21.47), 
HLA-B*41:03 (22.37), 
HLA-B*40.09 (35.73), 
HLA-B*40:01 (39.64)

Present in all 
studied strains

Abbreviations: FN: Fusobacterium nucleatum; HLA: Human leukocyte antigen.

https://doi.org/10.36922/MI025490129


Microbes & ImmunityMicrobes & Immunity Ethnic diversity in FN specific immune responses

Volume 3 Issue 3 (2026)	 9� doi: 10.36922/MI025490129

in immune responses to FN invasion may be linked to 
CRC incidence and disease outcome.12,13,19 Given this, it is 
important to understand the host factors that are involved 
in the recognition and/or neutralization of the pathogen. 
In humans, immune recognition and subsequent host 
responses to infections are orchestrated via the HLA 
system. Being highly polymorphic, variations in HLA 
allelic makeup can modulate the epitopes (peptides) that 
can bind to (and get recognized by) the HLA gene products, 
i.e., the MHC Class-I and MHC Class-II molecules. 
This often manifests as alternative responses to the same 
pathogen among individuals of varying ethnicity who may 
harbor different genetic makeup.3

Furthermore, strain-specific variations in the bacterial 
genome may also lead to differential immune responses 
and disease outcomes. For example, recent reports indicate 
that a distinct FN clade (namely, FN subspecies animalis 
C2) dominates the CRC niche.20 While FN proteins like 
Fad2 and Fap2 have been identified as potential factors 
related to FN’s pathogenic processes,11,13,19 the knowledge 
in this area remains incomplete. FN’s association with 
various diseases highlights its pathogenic potential 
and underscores the importance of understanding 
its mechanisms of infection and interaction with the 
host’s immune system. This understanding is crucial for 
developing targeted therapeutic interventions. Therefore, 
we aim to explore how variations within the FN genome 
influence its recognition by the human HLA repertoire. 
Furthermore, the impact of variation in the human HLA 
gene repertoire across ethnicities has been examined in 
this context. By using state-of-the-art bioinformatics tools 
and computational analyses, we sought to understand 
the interplay among FN recognition potential, immune 
responses, and genetic variation across diverse populations. 

In this study, experimentally verified 140 FN epitopes 
from the IEDB and their variants were analyzed. In 
general, strains isolated from China were found to harbor 
a higher proportion of variant epitopes (Table 1). However, 
the number of epitopes in each of the studied strains 
was comparable (between 124 and 134), irrespective of 
the strain’s geographical origin or the site of isolation/
infection. Among the epitopes reported in IEDB, 81 were 
predicted to bind strongly (IC50 value < 50 nM) with at 
least one of the human HLA gene products (Table S2A). 
For this purpose, a list of 342 human HLAs previously 
reported as most prevalent across diverse ethnic groups 
was used.3 Among the 258 MHC Class-I associated HLA 
alleles, HLA-A*02:22, HLA-A*02:11, HLA-A*02:50, 
HLA-A*02:02, and HLA-A*02:03 were found to be the 
most potent in the antigenic recognition by cytotoxic 
T-lymphocyte cells (i.e., CD8+ T-cells) of FN epitopes 

(Figure 1A). Among the 84 MHC Class-II associated 
HLA alleles, which pertained to CD4+ T-cells immunity, 
HLA-DRB1*01:01, HLA-DRB1*04:01, HLA-DRB1*10:01, 
and HLA-DRB1*13:02 presented the highest number of 
epitopes (Figure 1B). Epitope 136 (YPITPSSPM), Epitope 
79 (LDNKIILIPSIGIDK), Epitope 28 (FTTDTAAAL), 
and Epitope 72 (KNTLIIMTSNIGSHF) were noted to 
be the most widely recognized FN epitopes (Figure 1C). 
Furthermore, 16 variant epitopes (variants of the epitopes 
reported in IEDB) were predicted to have better binding 
affinities/immune recognition potentials for human HLA 
molecules as compared to the experimentally identified/
originally reported epitope (Table S2C). The remaining 37 
variant epitopes were predicted to elicit a muted immune 
response when compared to the originally reported 
epitope. This indicates the pathogen’s ability to bypass the 
host immune response. In this context, we noted that a 
large proportion of the 342 human HLA alleles (159 MHC 
Class-I and 44 MHC Class-II) analyzed in this study were 
not involved in the recognition of any of the experimentally 
validated FN epitope or their variants. While differences 
in the antigenic profiles of the 12 studied strains could be 
observed, it was not evident if the differences in the profiles 
would translate to an altered immunogenic response, as 
the total number of epitopes present in each of the strains 
and those recognized by the human HLA system were 
comparable (Table 1 and Table S2D).

We further investigated if there were any ethnicity-
specific variations in the recognition of FN epitopes across 
seven super-populations: Africans, AMR, EUR, East 
Asians, SAS, MEA, and OCN. We designed a metric called 
PDC for this purpose. The analysis focused on both MHC 
Class-I and MHC Class-II recognition potentials and 
revealed certain interesting patterns. EUR, SAS, and AMR 
ethnicities were found to have higher PDC values when 
compared to most other super-populations (Figure 2 and 
Table S3). Furthermore, within the super-population, PDC 
values differed between ethnicities settled in the native 
habitat and those who migrated to other parts of the world 
(Figure 3). Intriguingly, a few Mexican ethnicities had high 
PDC through MHC Class-I repertoire, but their capability 
to recognize FN via the MHC Class-II repertoire was low 
(Table S3C, D). Notably, FN is known to induce local 
inflammation, increase cytokine production, and promote 
tumor growth in CRC.4,5 Given that the immune recognition 
via the HLA Class-II molecules is primarily associated 
with this immunostimulation,3,21 it may be speculated that 
the Mexican ethnicities, which are characterized by lower 
PDC scores for the MHC Class-II molecules, would face 
lesser activation of pro-inflammatory cytokine storms 
within the CRC tumors. Several indications to support the 
notion could be obtained from existing scientific literature, 
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which states that Mexicans following a traditional lifestyle 
are less prone to cancer and/or systemic inflammation.22,23 
Moreover, contrary to most reports available globally, in a 
study involving CRC patients in Mexico, Cuellar-Gómez et 
al.24 observed that interleukin-23 was significantly reduced 
in the tumor tissue infected with FN when compared with 
the normal samples. However, more comprehensive data 
would be required to draw any definite conclusions.

In contrast to Mexican ethnicities, the Caucasoid EUR 
ethnicities had higher PDC values via the MHC Class-II 
alleles (Table S3). We noted that EUR Caucasoids who 
migrated to the USA had higher PDC values compared to 
native AMRs and migratory populations from South Asia 
and Africa (Figure 3). Furthermore, these EUR Caucasoid 
ethnicities also had a higher PDC value for MHC Class-I 
when compared to the migratory populations from South 
Asia and Africa. It may therefore be hypothesized that 
owing to the presence of a greater repertoire of both MHC 
Class-I and MHC Class-II molecules, the Caucasoids 
would be better equipped to recognize and neutralize 
FN. This may have further ramifications, as a deficiency 
in the recruitment of immune cells and the ability to 
mount appropriate systemic secretion of cytokines 
could lead to poor survival rates, as has been observed 
in African Americans suffering from CRC.25 In this 
context, observations made by Lo et al.26 is noteworthy. 
Although they reported higher seroprevalence of FN 
antibodies among non-White participants than among 
White participants in the USA, they concluded that this 
observation could be due to antibody responses resulting 
from cross-reactivity with other closely related bacterial 
species.

Several recent reports have also indicated that FN may be 
associated with the manifestation of autoimmune disorders 
like rheumatoid arthritis.7,27 The FadA protein, which is 
present in the outer membrane vesicles of FN, has been 
implicated in this case.27 Given the association of FN with 
a wide array of systemic diseases, we investigated whether 
any of the epitopes analyzed in this study mimic the human 
epitopes that are known to be associated with autoimmune 
diseases. Among the FN epitopes (either reported in IEDB 
or its variants identified in this study), only Epitope 41.2 
demonstrated similarity to the epitopes associated with 
autoimmunity in humans. It had a 100% identity with the 
human epitope (IEDB id:562550) over 80% of its length. 
This epitope is part of the mitochondrial translation factor 
GUF1 gene product and is known to be associated with a 
form of epileptic encephalopathy (Q8N442). Fascinatingly, 
a recent study in China reported a higher abundance of 
Fusobacterium in the gut as a biomarker for the diagnosis 
of epilepsy in adults.28 Thus, further studies deliberating 

on this aspect might be helpful towards understanding the 
crosstalk between members of the Fusobacterium genus 
and neuronal health. Apart from the epitopes reported in 
IEDB or their variants, four stretches of FN peptides were 
identified that matched the human epitopes (Table 2). These 
human epitopes may have possible roles in autoimmune 
responses and have previously been studied in the context 
of various diseases and metabolic disorders (Table S4). 
While numerous studies reported the role of these epitopes 
in the manifestation of viral and bacterial pathogenic 
mechanisms,29,30 others found their involvement in various 
forms of cancer and autoimmune diseases like IBD.31,32 
Thus, the list of FN epitopes available in IEDB may not be 
exhaustive, and new epitope candidates are likely to emerge 
as new high-throughput experiments are being designed.

Overall, this study introduces a systematic approach 
to understanding the immunogenic properties of FN 
and their variation across ethnic groups. In addition, the 
work presents a view of variation in the epitope landscape 
across different FN strains. While such studies have been 
conducted to understand viral pathogens,3 our study is 
possibly the first attempt to delineate a bacterial pathogen. 
Given that the FN genome is over 2 Mb in length, an entirely 
ab initio approach to detect the bacterial epitopes could 
not be adopted due to computational limitations. Hence, 
only experimentally verified FN epitopes and their variants 
across strains have been analyzed in this study. Further, 
the current study has examined only linear epitopes 
associated with T-cell immunity and has not assessed non-
linear/structural B-cell epitopes due to similar logistical 
challenges. The host’s microbiota is yet another factor that 
could impact the immunogenic properties of FN11,12,33 but 
was outside the scope of the current study. Despite these 
limitations, our study provides a foundational framework 
for exploring and understanding FN’s interactions with 
host immune mechanisms and how they might vary across 
large populations. The perspectives presented herein 
are promising and invite further validation of how the 
pathophysiology of diseases often varies across ethnicities 
and, therefore, might warrant ethnicity-specific medical 
interventions using advanced in vitro and in vivo methods. 
Future studies should aim to expand the repertoire of 
FN epitopes and incorporate broader experimental data 
to enhance the understanding of FN’s role in disease 
pathogenesis and its potential for developing personalized/
ethnicity-specific medical interventions.

5. Conclusion
In summary, this study offers a detailed computational 
view of the immune-related features of FN and illustrates 
how both bacterial genomic variation and human HLA 
diversity influence FN recognition across populations. By 
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examining experimentally validated FN epitopes and their 
strain-specific variants, we show that although the overall 
epitope landscape is largely conserved, even small sequence 
changes can alter HLA binding strength and potentially 
shift the host immune response. The PDC metric 
discussed here allowed us to compare these recognition 
patterns across ethnic groups, revealing population-level 
differences that may help explain variations in disease 
susceptibility, clinical progression, and therapeutic 
responses. Our observation that some FN epitopes 
resemble human autoimmune-associated peptides also 
raises the possibility that molecular mimicry contributes 
to disease mechanisms, an aspect that will require a 
deeper investigation. While our analyses are limited by the 
current availability of characterized FN epitopes and do 
not capture structural B-cell determinants, the framework 
presented here provides an important starting point 
for understanding FN–host immune interactions on a 
global scale. Future studies incorporating broader epitope 
datasets, microbiome-level interactions, and experimental 
validation will be essential for refining these insights and 
for guiding the development of more targeted, potentially 
ethnicity-specific approaches to diagnosing and managing 
FN-associated diseases.
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Appendix

Figure A1. The clustering pattern of the studied Fusobacterium nucleatum strains based on the presence of epitopes. Red dots on the semi-circle represent 
the epitopes, and the strains are projected inside the semi-circle using a Hooke’s law-based approach.
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