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Abstract

Aim: To determine predicted binding affinities of peptides from Porphyromonas gingivalis (P. gingivalis)
proteins and identify those binding with high-affinity to human leukocyte antigen (HLA) molecules.
Methods: We evaluated in silico binding affinities of all possible linear 9-mer and 15-mer peptides of 13 P.
gingivalis proteins with 334 HLA alleles; strong predicted binding affinity (ICso < 50 nM) was considered a
“hit”.

Results: Predicted binding affinity of HLA molecules and P. gingivalis proteins varied substantially. We
identified 798 unique 15-mer peptides that were predicted to bind strongly to Class II HLA molecules and
did not overlap with any 15-mers of 83,607 human proteins and, thus, may be suitable candidates for P.
gingivalis vaccine development.

Conclusions: Individual differences in HLA shape the adaptive immune system response to P. gingivalis
and other antigens via variability in binding affinity, a crucial first step in mounting immune system
responses aimed at neutralization or elimination of non-self antigens, assuming host immunocompetency
otherwise. Various preventive and therapeutic strategies aimed at reducing the burden of P. gingivalis are
under investigation; the current findings document specific HLA-peptide combinations that may be a useful
starting point for ongoing efforts toward P. gingivalis vaccine development.
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Introduction

Porphyromonas gingivalis (P. gingivalis)

P. gingivalis is a gram-negative bacterium that is widely implicated in the oral disease periodontitis [1];
however, the influence of P. gingivalis and its virulence factors extends well beyond damage to oral tissue
[2]. P. gingivalis has been designated a keystone pathogen due to its ability to impair innate host immune
defenses and reshape normal symbiotic microbiota into a dysbiotic state that contributes to a sustained
inflammatory response in the absence of bacterial clearance [3, 4]. Various translocation mechanisms
including degradation of the epithelial barrier, invasion of epithelial and endothelial cells, and
dissemination via the blood permit systemic circulation of P. gingivalis periodontal pathogens and virulence
factors with corresponding systemic implications [5-7]. To that end, mounting evidence suggests that P.
gingivalis is a strong risk factor for Alzheimer’s dementia and other conditions, including cardiovascular
disease, rheumatoid arthritis, and various neurodegenerative disorders [6-14].

P. gingivalis produces several virulence factors, including gingipains and fimbriae, proteins that are
involved in adhesion, tissue degradation, and disruption of immune system responses [15, 16]. Gingipains,
the primary P. gingivalis virulence factors, are cysteine proteases that are essential for P. gingivalis survival
and pathogenicity, playing critical roles in host colonization, inactivation of host defenses, iron and nutrient
acquisition, and tissue destruction [17]. They comprise arginine gingipain-A (RgpA) and -B (RgpB) and
lysine-specific gingipain (Kgp). Fimbriae are hair-like appendages that promote bacterial motility, adhesion,
and invasion [16, 18]. They comprise several types of major (or long) fimbriae (FimA) and minor (or short)
fimbriae (Mfa). These and other virulence factors (e.g., glycolipid lipopolysaccharide) subvert innate
immune system responses aimed at elimination of P. gingivalis [19, 20], rendering P. gingivalis mostly
resistant to the innate immune system responses targeting them and prompting activation of adaptive
immune system responses as a secondary line of defense [17].

Adaptive immunity

The adaptive immune system utilizes lymphocytes (T and B cells) to attack specific pathogens and establish
immunological memory to hasten immune response in the event of future exposure to that pathogen.
Human leukocyte antigens (HLAs) are key to adaptive immunity. HLAs are cell-surface glycoproteins that
play a critical role in presentation of peptides from bacterial proteins and other foreign antigens to T cells
to promote their elimination. HLA-I (encoded by HLA-A, -B, -C genes) are expressed in all nucleated cells
and bind short peptides (mostly 9-mer) of endogenous proteins for presentation to cytotoxic CD8+ T cells
to signal destruction of infected cells. HLA-II (encoded by the HLA-DPB1, DQB1 and DRB1 genes) is
expressed in professional antigen-presenting cells (APCs; e.g., macrophages, dendritic cells) and binds
longer peptides (mostly 15-mer) of exogenous proteins for presentation to CD4+ helper T cells to stimulate
B cell-mediated antibody production and enhance the activation of CD8+ T cells. Unlike the non-specific
innate immune system responses, HLA-mediated adaptive immunity is highly specific to each foreign
antigen encountered and rests on high-affinity binding of HLA molecules with foreign antigen peptides. HLA
is extremely polymorphic [21] and most of the variability is localized in the binding groove [22-24], the
region that binds peptides for transport to the cell surface for T cell presentation. Consequently, HLA
molecules differ with regard to the repertoire of antigens that are suitable for high-affinity binding; that is,
an interaction between a given HLA molecule and a given antigen peptide determines the adaptive immune
system response such that strong, high-affinity HLA-peptide binding enhances immune responses targeting
their elimination relative to the weak, low-affinity HLA-peptide binding, which is ineffective. The
mechanisms of HLA-mediated antigen presentation to T lymphocytes are discussed in detail elsewhere [25,
26].

The strongly bound peptide-HLA (pHLA) complex moves to the surface and engages CD8+ (pHLA-I
complex) and CD4+ (pHLA-II complex) T cells by attaching to their aff T-cell receptor (TCR) [27-30].
Remarkably, a single pHLA-I complex is sufficient to activate a single CD8+ T-cell [31] with a bond lasting
~1 min [31, 32], leading to serial engagement of ~200 TCRs [33]. The pHLA-I/TCR occupancy correlates
well with the release of interferon (IFN)-y by the activated T cell [33], documenting the dependence of the
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latter on the former. The number of pHLA-I complexes on the cell surface can vary from a few to a few
thousand, depending on the cell and the peptides involved [34]. Given that (a) a single pHLA-I complex can
successfully engage ~200 TCRs, and that (b) these engagements are functionally active, it follows that the
overall T-cell activation initiated by a single APC can be very high and successful in eliminating infected
cells by various killing mechanisms [35].

With respect to CD4+ T cell engagement, high-affinity-bound pHLA-II complexes traffic to the APC
plasma membrane where they remain very stable. Such pHLA-II complexes can last very long (half-life of
t1/2 > 150 h) [36]. Importantly, this pHLA-II half-life determines the in vivo immunogenicity of the bound
epitope [36]. In summary, the degree of binding affinity of a peptide to an HLA-II molecule ultimately
determines the magnitude of the biological effect of this pHLA-II complex, most probably due to the long
time that an antigen is presented for CD4+ T cell engagement. pHLA-II complexes activate CD4+ T cells by
binding to their TCR. This effect is extremely sensitive, since a single pHLA-II complex is sufficient to
activate a CD4+ T cell [37]. This high sensitivity of CD4+ engagement and the associated long life of pHLA-II
presentation [36] result in very strong and long-acting CD4+ T-cell activation. Although a unique role of the
HLA-II system is to initiate, by the activation of CD4+ T cells, the production of antibodies by B cells against
foreign antigens [38-40], an additional important role of CD4+ T cells is to augment the function of CD8+ T
cells, with respect to both their cytotoxic action and the establishment of memory T-cells [41]. Finally, in
addition to the binding of pHLA complex, successful activation and clonal expansion of CD8+ and CD4+ T
cells in the presence of a pathogen requires the presence on APC surface of co-stimulatory signals B7.1 and
B7.2, interfacing the combined action of innate and adaptive immune systems in pathogen elimination [42-
47].

In summary, high-affinity pHLA binding is a necessary but not sufficient condition for a successful
adaptive immunity, for which immunocompetency and well-functioning native immunity mechanisms are
assumed. Conditions of immunosuppression (e.g., by the administration of immunosuppressant drugs, HIV
infection, etc.) would compromise the mounting of an effective adaptive immunity. This is also true for P.
gingivalis, which has been shown to suppress adaptive immunity for immunoevasion [48].

HLA and periodontitis

Both HLA Class I and Class Il have been implicated in periodontitis [49-54]. Although several bacteria are
associated with periodontitis, P. gingivalis is well-established as a major, primary contributor [15, 55, 56].
Compared to the wealth of literature evaluating HLA variation with regard to periodontal disease, relatively
few studies have evaluated HLA with respect to P. gingivalis specifically. One recent study identified higher
titres of anti-P. gingivalis antibodies related to specific HLA-DRB1 alleles in patients with rheumatoid
arthritis [57]. P. gingivalis has adopted several immune evasion strategies [58, 59], including suppression of
adaptive immunity [48]. Notwithstanding potential adaptive immune evasion, strong HLA-peptide binding
of P. gingivalis proteins would be expected to induce an immune response aimed at pathogen elimination
and reduce the development of periodontitis and systemic disease sequelae. Here we evaluated in silico the
predicted binding affinity of 334 HLA alleles with proteins involved in P. gingivalis and identified specific
epitopes characterized by high-affinity binding.

Materials and methods
P. gingivalis proteins
Thirteen proteins of P. gingivalis involved in its pathogenicity and structure were tested and are shown in

Table 1. Their amino acid (AA) sequences were retrieved from the UniProt database (https://www.uniprot.
org/) on December 25, 2025, and are given in Table S1.

HLA alleles

We investigated a total of 334 HLA common alleles [60], including 142 HLA-I alleles (Table S2; N = 41, 72,
29 of genes A, B, C, respectively) and 192 HLA-II alleles (Table S3; N = 41, 35, 116 of genes DPB1, DQB1,
DRB1, respectively). Allele population frequencies are from [60].
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Table 1. The 13 P. gingivalis proteins tested with 142 human leukocyte antigen (HLA)-I alleles and 192 HLA-II alleles.

Number Protein UniProt Amino acid HLA- HLA-II
ID AA
(AR) N (9- Ntested (142 HLA-l N (15- N tested (192 HLA-II
mer) alleles) mer) alleles)

1 Minor fimbrium subunit B2RHG1 563 555 78,810 549 105,408
Mfa1

2 Minor fimbrium anchoring B2RHG2 324 316 44,872 310 59,520
subunit Mfa2

3 Minor fimbrium tip subunit B2RHG3 446 438 62,196 432 82,944
Mfa3

4 Minor fimbrium tip subunit B2RHG4 333 325 46,150 319 61,248
Mfa4

5 Minor fimbrium subunit B2RHG5 1,228 1,220 173,240 1,214 233,088
Mfab

6 Gingipain R2 (RgpA) B2RKUO 736 728 103,376 722 138,624

7 Lys-gingipain (Kgp) B2RLK2 1,723 1,715 243,530 1,709 328,128

8 Gingipain R1 (RgpB) B2RM93 1,703 1,695 240,690 1,689 324,288

9 Major fimbrium subunit B2RH54 383 375 53,250 369 70,848
FimA

10 Major fimbrium subunit AOPA81 303 295 41,890 289 55,488
FimB

11 Major fimbrium subunit B2RH57 453 445 63,190 439 84,288
FimC

12 Major fimbrium subunit B2RH58 670 662 94,004 656 125,952
FimD

13 Major fimbrium subunit B2RH59 550 542 76,964 536 102,912
FimE

Total - - - 9,311 1,322,162 9,233 1,772,736

In silico determination of predicted binding affinities

Predicted binding affinities were obtained for antigen peptides using the Immune Epitope Database (IEDB)
NetMHCpan (ver. 4.1 BA) tool [61, 62]; accessed on January 7, 2026. More specifically, we used the sliding
window approach [63-65] to test all possible linear 9-mer and 15-mer peptides for HLA-I and HLA-II
predictions, respectively; the method is illustrated in Figure 1 for 9-mer and 15-mer peptides of the
Gingipain R1 protein. Peptides of 9- and 15-mer length were tested because these are the dominant peptide
lengths for binding to HLA-I [66, 67] and HLA-II molecules [67-69], respectively. DPB1 and DQB1 alleles
were paired with highly frequent alpha chains, namely DPA*01:03 and DQA*01:01, respectively. For each
pair of pHLA molecules tested, this tool gave, as an output, the ICs, of the predicted binding affinity; the
smaller the ICsg, the stronger the binding affinity. An IC5, value of < 50 nM was regarded as strong [70-73]
and was called a “hit”. Given a protein of N AA length and a peptide length of k AA, there are N-k + 1 binding
affinity predictions returned by the prediction tool. The numbers of 9-mer (HLA-I) and 15-mer (HLA-II)
peptides tested for each protein are given in Table 1.

Statistical analyses

Standard statistical methods (e.g., Pearson and Spearman correlations) were used to analyze the data using
the IBM-SPSS statistical package (version 31). All P-values reported are 2-sided, and statistical significance
was setat P < 0.05.

Results

The number of hits per HLA and protein is shown in Table 2. It can be seen that 249 of the 334 alleles tested
(74.6%) showed at least one hit, whereas the remaining 85/334 (25.4%) alleles (Table 3) showed no hit for
any protein. Figure 2 shows the normalized (Z-score) variation of hits across proteins and alleles.
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Figure 1. Schematic diagram illustrating the 9- and 15-mer sliding window approach for testing all linear 9- and 15-mer
peptides of the Gingipain R1 (RgpB) protein of P. gingivalis exhaustively. The full amino acid (AA) sequence of this protein

is given in Table S1. The same approach was used for all 13 P. gingivalis proteins (Table 1).

Table 2. Number of hits (cases with predicted IC;, < 50 nM) per human leukocyte antigen (HLA) allele and P. gingivalis

protein.

Number Allele FimB Mfa2 Mfa4 FimA Mfa1 FimC Mfa3 RgpA FimE FimD RgpB Mfa5 Kgp Hits
1 A*01:01 1 1 0 1 0 0 1 0 1 2 1 10
2 A*02:01 5 2 4 2 4 5 1 5 5 14 20 83
3 A*02:02 7 4 5 6 5 9 7 9 7 21 23 136
4 A*02:05 3 1 5 4 4 7 5 9 6 18 18 96
5 A*02:06 5 3 4 6 4 7 5 9 7 23 26 123
6 A*02:17 0 0 2 0 1 1 0 0 0 0 0 6

7 A*02:30 5 2 4 2 4 5 1 5 8 5 14 8 20 83
8 A*02:35 4 3 3 2 3 4 1 4 7 3 10 6 17 67
9 A*02:63 7 4 5 6 5 9 7 9 15 7 21 18 23 136
10 A*02:77 5 2 4 2 4 5 1 5 8 5 14 8 20 83
11 A*03:01 0 2 1 2 1 1 0 2 0 2 3 2 5 21
12 A*03:02 0 2 2 2 2 2 0 2 0 1 4 4 5 26
13 A*03:81 0 2 1 2 1 1 0 2 0 2 3 2 5 21
14 A*11:01 0 2 4 3 3 2 4 3 4 7 7 8 10 57
15 A*11:02 0 2 4 3 3 2 4 3 4 7 7 8 10 57
16 A*23:01 1 0 2 2 2 0 3 1 0 3 2 3 6 25
17 A*24:02 1 0 2 2 1 0 4 0 0 2 2 3 6 23
18 A*24:03 4 3 3 3 4 1 6 4 4 5 8 9 13 67
19 A*25:01 0 0 0 0 0 0 0 1 0 0 1 0 0 2
20 A*26:01 1 0 0 0 0 0 1 1 0 2 2 1 1 9
21 A*26:08 1 0 0 0 0 0 0 1 0 0 1 1 1 5
22 A*26:12 1 0 0 0 0 0 0 1 0 2 1 2 0 7
23 A*29:01 2 0 1 2 2 1 2 5 4 7 12 3 12 53
24 A*29:02 2 0 1 2 2 1 2 5 4 7 12 3 12 53
25 A*30:01 0 2 3 6 8 9 1 1 4 8 5 8 12 67
26 A*30:02 0 1 2 3 0 2 2 0 1 3 4 3 9 30
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Table 2. Number of hits (cases with predicted IC;, < 50 nM) per human leukocyte antigen (HLA) allele and P. gingivalis

protein. (continued)

FimC Mfa3 RgpA FimE FimD RgpB Mfa5 Kgp Hits

FimB Mfa2 Mfa4 FimA Mfa1

1

2

Allele

Number

27

46

A*31:01

24

A*32:01

28
29
30
31

18
33

0
1
1

A*33:01

A*33:03
A*34:01

21

0
0
4

A*34:02
A*36:01

32
33
34
35
36
37

89
97

13
15
13

13

11

10
15
10

10

A*68:01

10

3
4

A*68:02
A*68:37
A*74:01

89

13

10

0
0
0
2
1

2

A*74:03
A*80:01

38
39
40
41

10
26

B*07:02
B*07:04
B*07:05
B*08:01
B*14:01
B*14:02
B*15:01
B*15:03
B*15:07
B*15:16
B*15:17
B*15:35
B*18:01
B*27:05
B*27:07
B*27:08
B*35:01
B*35:02
B*35:03
B*35:08
B*35:17
B*37:01
B*39:01
B*39:02
B*39:05
B*39:06
B*39:24
B*40:01
B*40:02
B*41:01

47

11

10

42
43

0
0
0
2
6

44
45
46
47

41

11

10 15 31 26 45 198

18

11

0
0
2

48
49

27 14 30 153

14

13

50
51

0
0
0
2

14
10
32

52
53
54
55
56
57
58
59
60
61

0
3
2
1
1

2

73
22

13

13

21

30

0

1

62
63

16

0
0
0
0

1

64
65

66
67

23
23
30
26

0

1

68

69
70
71

0

1

B*41:02
B*42:02
B*44:02
B*44:03
B*44:04
B*44:07

0
0
0
0

72
73
74
75

10

10

Page 6
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Table 2. Number of hits (cases with predicted IC;, < 50 nM) per human leukocyte antigen (HLA) allele and P. gingivalis
protein. (continued)

Number Allele FimB Mfa2 Mfa4 FimA Mfa1 FimC Mfa3 RgpA FimE FimD RgpB Mfa5 Kgp Hits
76 B*44:27 0 1 1 0 0 0 1 0 2 0 1 2 1 9
77 B*45:01 0 0 0 2 1 0 0 1 2 0 2 1 2 1
78 B*47:01 0 0 0 0 0 0 0 0 0 0 0 0 1 1
79 B*48:01 0 0 0 0 0 0 0 0 0 0 0 1 0 1
80 B*49:01 0 0 0 0 0 1 0 0 0 0 0 0 0 1
81 B*50:01 0 0 1 0 1 0 0 2 1 1 1 0 1 8
82 B*50:02 0 0 0 1 0 0 0 1 0 0 1 0 1 4
83 B*53:01 0 0 0 0 0 0 0 1 2 0 4 4 2 13
84 B*54:01 1 0 1 1 0 2 3 4 0 0 6 4 9 31
85 B*55:01 0 0 0 0 0 0 1 1 0 0 1 0 1 4
86 B*56:01 0 0 0 0 0 0 1 1 0 0 3 1 5 11
87 B*57:01 0 0 0 1 1 0 0 1 3 0 2 3 0 11
88 B*57:02 0 0 0 1 0 2 0 1 1 0 1 1 0 7
89 B*57:03 0 0 0 2 1 2 0 3 2 0 5 1 1 17
90 B*58:01 1 0 1 2 4 3 0 2 3 2 7 3 8 36
91 B*81:01 1 0 0 0 0 0 0 0 0 0 0 1 1 3
92 C*01:02 0 0 0 2 0 0 1 3 0 0 5 1 1 13
93 C*02:02 1 1 1 1 0 0 0 0 0 0 1 1 1 7
94 C*02:10 1 1 1 1 0 0 0 0 0 0 1 1 1 7
95 C*03:02 1 7 3 7 7 8 4 7 3 7 16 12 20 102
96 C*03:03 2 4 3 4 4 4 2 6 2 6 18 11 16 82
97 C*03:04 2 4 3 4 4 4 2 6 2 6 18 11 16 82
98 C*05:01 1 1 1 0 0 0 1 1 1 0 3 2 4 15
99 C*06:02 0 0 0 0 0 0 0 1 0 1 1 2 0 5
100 C*07:01 0 0 0 0 0 0 0 0 0 0 1 0 0 1
101 C*07:02 0 0 0 0 1 0 0 0 0 1 0 0 1 3
102 C*08:01 0 1 1 0 0 0 0 1 0 0 0 1 0 4
103 C*08:02 0 1 1 0 0 0 1 1 1 0 0 1 0 6
104 C*08:03 0 1 1 0 0 0 0 1 0 0 0 1 0 4
105 C*12:02 1 2 2 2 1 1 1 1 0 1 5 4 6 27
106 C*12:03 1 6 3 4 4 6 2 5 2 6 13 9 17 78
107 C*14:02 2 4 3 5 7 6 8 4 7 6 13 13 24 102
108 C*15:02 1 2 1 0 1 0 1 0 1 3 4 4 4 22
109 C*15:04 1 3 1 1 2 2 2 1 1 2 5 4 6 31
110 C*15:05 0 0 0 0 0 0 0 0 0 0 0 1 0 1
111 C*15:06 0 4 1 0 1 0 0 0 0 1 3 4 4 18
112 C*15:09 1 3 1 1 2 2 2 1 1 2 5 4 6 31
113 C*16:01 2 9 4 9 4 7 4 10 3 9 21 11 25 118
114 C*16:02 0 4 1 2 1 2 0 1 1 1 5 6 8 32
115 C*16:04 1 7 1 3 2 2 1 4 1 4 7 8 10 51
116 C*17:01 0 2 1 1 0 1 0 1 0 1 3 1 3 14
117 DPB1*01:01 O 0 6 0 0 0 0 0 0 0 6 0 6 18
118 DPB1*02:01 O 1 16 1 0 0 0 6 9 3 18 6 25 85
119 DPB1*02:02 0 1 18 1 1 0 0 6 9 6 19 6 26 93
120 DPB1*03:01 0 5 5 2 4 0 6 3 0 1 1 0 0 27
121 DPB1*04:01 O 0 16 O 0 0 0 6 5 2 14 6 18 67
122 DPB1*06:01 0 0 0 0 0 0 3 0 0 0 0 0 0 3
123 DPB1*104:01 0 5 5 2 4 0 6 3 0 1 1 0 0 27
124 DPB1*124:01 0 5 5 2 4 0 6 3 0 1 1 0 0 27
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Table 2. Number of hits (cases with predicted IC;, < 50 nM) per human leukocyte antigen (HLA) allele and P. gingivalis
protein. (continued)

Number Allele FimB Mfa2 Mfa4 FimA Mfa1 FimC Mfa3 RgpA FimE FimD RgpB Mfa5 Kgp Hits
125 DPB1*126:01 0 0 16 O 0 0 0 6 5 2 14 6 18 67
126 DPB1*14:01 O 4 1 0 3 0 5 0 0 0 0 0 0 13
127 DPB1*15:01 0 0 10 O 0 0 0 0 5 1 6 0 11 33
128 DPB1*16:01 0 0 3 0 0 0 0 0 4 0 1 0 1 9
129 DPB1*20:01 O 5 0 0 0 4 0 0 0 0 0 0 11
130 DPB1*23:01 0 0 16 O 0 0 0 6 5 2 14 6 18 67
131 DPB1*33:01 2 8 36 6 8 5 8 28 28 22 42 18 66 277
132 DPB1*34:01 0 0 3 0 0 0 0 0 2 0 6 1 11 23
133 DPB1*35:01 0 2 0 0 0 0 0 0 0 0 0 0 2
134 DPB1*39:01 0 0 16 O 0 0 0 6 5 2 14 6 18 67
135 DPB1*40:01 O 0 1 0 0 0 0 0 0 0 6 0 10 17
136 DPB1*41:01 0 0 1 0 0 0 0 0 6 0 1 3 1 12
137 DPB1*46:01 0 1 16 1 0 0 0 6 9 3 18 6 25 85
138 DPB1*47:01 0 1 18 1 1 0 0 6 9 6 19 6 26 93
139 DPB1*71:01 2 8 36 6 8 5 8 28 28 22 42 18 66 277
140 DPB1*72:01 0 0 16 O 0 0 1 8 6 7 19 6 24 87
141 DPB1*81:01 0 1 16 1 0 0 0 6 9 3 18 6 25 85
142 DPB1*91:01 0 5 2 0 0 0 4 0 0 0 0 0 0 1
143 DRB1*01:01 46 33 26 56 62 67 45 71 80 66 150 124 205 1,031
144 DRB1*01:02 7 1 0 12 3 14 10 33 4 19 19 32 48 212
145 DRB1*01:03 1 4 0 4 0 0 0 0 0 0 0 0 3 12
146 DRB1*01:11 21 1 6 16 9 26 14 27 14 23 24 39 79 309
147 DRB1*01:18 48 36 32 67 75 81 54 96 96 86 162 141 214 1,188
148 DRB1*01:20 39 28 20 65 64 60 51 83 73 66 105 113 137 904
149 DRB1*01:24 24 13 9 19 14 29 20 33 15 28 39 51 97 391
150 DRB1*01:29 24 14 8 22 21 34 21 40 25 27 53 62 110 461
151 DRB1*03:01 13 0 0 0 0 9 2 16 5 9 24 10 22 110
152 DRB1*03:04 13 0 0 0 0 9 2 16 5 9 24 10 22 110
1563 DRB1*03:05 2 1 0 0 0 0 0 0 1 0 0 0 0 4
154 DRB1*03:11 17 6 9 2 7 36 11 24 11 22 31 28 27 231
155 DRB1*03:13 13 0 0 0 0 9 2 16 5 9 24 10 22 110
156 DRB1*03:15 5 0 0 0 1 0 0 8 4 8 11 8 14 59
157 DRB1*04:01 7 6 16 15 7 11 17 3 28 8 8 17 17 160
158 DRB1*04:02 0 2 0 4 0 0 0 0 0 0 0 5 0 11
159 DRB1*04:03 0 0 0 0 0 0 0 0 0 0 0 2 0 2
160 DRB1*04:04 1 13 8 14 11 13 20 10 12 7 13 28 20 170
161 DRB1*04:05 3 4 1 3 6 6 19 6 17 2 13 6 19 105
162 DRB1*04:06 0 0 0 0 0 0 0 0 0 0 0 2 0 2
163 DRB1*04:07 0 0 0 0 0 0 1 0 4 0 0 0 0 5
164 DRB1*04:.08 4 8 13 14 9 6 16 3 18 8 6 19 16 140
165 DRB1*04:10 1 8 2 1 0 4 13 1 0 0 5 8 3 46
166 DRB1*04:44 0 8 4 4 0 0 7 1 0 2 1 9 2 38
167 DRB1*04:53 0 3 0 0 0 0 0 0 0 0 0 4 0 7
168 DRB1*04:56 0 7 4 4 0 0 9 0 0 0 1 14 2 41
169 DRB1*04:72 2 0 5 0 0 9 14 0 16 3 4 12 8 73
170 DRB1*07:01 24 10 8 6 27 29 8 27 34 16 36 48 70 343
171 DRB1*08:01 6 0 0 0 0 0 7 0 0 0 0 0 0 13
172 DRB1*08:02 0 3 0 2 0 0 4 0 1 0 0 4 2 16
173 DRB1*08:03 3 0 0 0 0 3 0 0 0 0 0 0 6
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Table 2. Number of hits (cases with predicted IC;, < 50 nM) per human leukocyte antigen (HLA) allele and P. gingivalis
protein. (continued)

Number Allele FimB Mfa2 Mfa4 FimA Mfa1 FimC Mfa3 RgpA FimE FimD RgpB Mfa5 Kgp Hits
174 DRB1*08:04 0 6 2 9 5 7 11 8 11 22 4 20 8 113
175 DRB1*08:24 0 1 0 2 0 0 3 0 4 6 8 3 5 32
176 DRB1*08:30 0 4 0 0 0 0 3 0 0 2 0 2 4 15
177 DRB1*08:36 0 3 0 0 0 0 3 0 0 0 0 0 0 6
178 DRB1*09:01 11 9 2 2 12 15 10 17 18 5 26 21 49 197
179 DRB1*09:02 0 0 0 0 0 0 0 0 1 0 0 4 2 7
180 DRB1*10:01 25 21 25 45 44 37 40 48 50 60 85 84 152 716
181 DRB1*11:01 7 7 0 12 13 0 23 6 15 12 21 33 29 178
182 DRB1*11:02 O 5 5 20 18 35 17 13 26 37 8 24 15 223
183 DRB1*11:03 1 3 0 15 15 26 20 14 29 34 15 33 15 220
184 DRB1*11:04 10 8 8 18 12 24 23 15 27 37 28 49 20 279
185 DRB1*11:06 0 3 0 3 0 0 0 0 3 0 1 0 10
186 DRB1*11:07 0 0 0 0 0 0 0 2 0 4 6 5 17
187 DRB1*11:08 3 4 3 4 8 2 18 2 14 13 8 17 11 107
188 DRB1*11:10 7 7 0 12 13 0 23 6 15 12 21 33 29 178
189 DRB1*11:11 0 0 0 4 4 0 5 1 6 7 5 7 6 45
190 DRB1*11:12 7 7 0 12 13 0 23 6 15 12 21 33 29 178
191 DRB1*11:13 5 6 16 21 12 34 16 21 26 36 15 29 20 257
192 DRB1*11:14 4 6 16 22 25 25 29 23 26 49 34 45 39 343
193 DRB1*11:19 0 4 0 0 0 0 4 1 0 0 0 2 4 15
194 DRB1*11:27 0 0 0 0 0 0 1 0 2 6 4 1 2 16
195 DRB1*11:28 7 7 0 12 13 0 23 6 15 12 21 33 29 178
196 DRB1*11:29 7 7 0 12 13 0 23 6 15 12 21 33 29 178
197 DRB1*11:37 0 0 0 3 0 0 5 0 6 6 11 11 9 51
198 DRB1*11:42 11 9 18 31 21 48 34 29 36 54 42 57 43 433
199 DRB1*11:46 10 8 8 18 12 24 23 15 27 37 28 49 20 279
200 DRB1*11:49 7 7 0 12 13 0 23 6 15 12 21 33 29 178
201 DRB1*11:54 0 0 0 0 0 0 0 0 0 1 0 0 0 1
202 DRB1*11:58 10 8 8 18 12 24 23 15 27 37 28 49 20 279
203 DRB1*11:62 7 7 0 12 13 0 23 6 15 12 21 33 29 178
204 DRB1*11:65 0 5 5 20 18 35 17 13 26 37 8 24 15 223
205 DRB1*11:74 7 7 0 12 13 0 23 6 15 12 21 33 29 178
206 DRB1*11:84 1 3 0 4 5 0 4 2 8 12 2 5 0 46
207 DRB1*12:01 0 5 3 2 0 3 0 0 0 0 0 0 17
208 DRB1*12:02 O 4 4 2 6 3 0 3 3 0 2 0 3 30
209 DRB1*12:03 0 5 6 8 6 11 0 11 4 2 9 0 20 82
210 DRB1*12:16 0 5 0 0 5 1 2 3 5 7 0 0 6 34
21 DRB1*13:01 0 5 5 20 18 35 17 13 26 37 8 24 15 223
212 DRB1*13:02 4 6 16 22 25 25 29 23 26 49 34 45 39 343
213 DRB1*13:03 2 0 0 0 0 0 3 0 0 0 0 0 0 5
214 DRB1*13:05 7 7 0 12 13 0 23 6 15 12 21 33 29 178
215 DRB1*13:07 0 0 0 3 0 0 5 0 6 6 11 11 9 51
216 DRB1*13:11 10 8 8 18 12 24 23 15 27 37 28 49 20 279
217 DRB1*13:12 2 0 0 0 0 0 2 0 0 0 0 0 0 4
218 DRB1*13:14 7 7 0 12 13 0 23 6 15 12 21 33 29 178
219 DRB1*13:21 6 6 0 3 14 3 17 10 15 12 28 18 22 154
220 DRB1*13:23 4 6 16 22 25 25 29 23 26 49 34 45 39 343
221 DRB1*13:26 0 0 0 0 0 0 0 0 2 4 0 0 0 6
222 DRB1*13:33 0 0 0 0 4 0 0 0 0 4
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Table 2. Number of hits (cases with predicted IC;, < 50 nM) per human leukocyte antigen (HLA) allele and P. gingivalis
protein. (continued)

Number Allele FimB Mfa2 Mfa4 FimA Mfa1 FimC Mfa3 RgpA FimE FimD RgpB Mfa5 Kgp Hits
223 DRB1*13:50 7 7 0 12 13 0 23 6 15 12 21 33 29 178
224 DRB1*13:61 0 3 0 4 8 12 3 0 5 6 0 1 1 43
225 DRB1*13:66 2 0 0 0 0 0 6 0 0 7 0 0 1 16
226 DRB1*13:96 1 5 13 3 14 19 15 2 18 36 3 9 15 153
227 DRB1*13:97 4 6 16 22 25 25 29 23 26 49 34 45 39 343
228 DRB1*14:01 0 4 10 O 5 10 1 0 0 0 0 0 3 33
229 DRB1*14:02 0 3 1 0 0 1 6 0 4 6 0 3 5 29
230 DRB1*14:03 0 3 0 0 0 0 4 0 0 0 0 0 4 1
231 DRB1*14:04 O 3 5 0 1 8 0 0 0 0 0 0 3 20
232 DRB1*14:06 0 5 1 5 6 14 9 3 10 20 1 10 4 88
233 DRB1*14:07 0 0 0 0 0 0 1 0 0 0 0 0 1 2
234 DRB1*14:12 0 4 0 4 4 2 0 1 4 10 0 3 0 32
235 DRB1*14:32 0 6 13 15 8 25 8 17 27 18 12 9 18 176
236 DRB1*14:38 0 0 4 0 0 0 0 0 0 0 0 0 0 4
237 DRB1*14:54 0 4 10 O 5 10 1 0 0 0 0 0 3 33
238 DRB1*15:01 12 10 O 6 0 4 9 16 14 8 9 15 19 122
239 DRB1*15:02 2 3 0 0 3 1 2 5 10 11 6 1 17 61
240 DRB1*15:03 4 5 0 4 0 2 0 5 7 4 3 8 7 49
241 DRB1*15:06 12 10 O 6 0 4 9 16 14 8 9 15 19 122
242 DRB1*15:07 3 6 0 4 0 1 0 7 6 2 2 9 7 47
243 DRB1*15:15 5 5 0 4 9 4 14 9 6 7 9 11 21 104
244 DRB1*15:37 2 3 0 0 0 0 0 4 4 0 0 4 1 18
245 DRB1*16:01 8 5 0 1 5 6 13 10 7 4 6 7 16 88
246 DRB1*16:02 12 5 2 0 10 11 11 11 16 4 8 12 27 129
247 DRB1*16:04 3 3 0 0 3 0 5 2 4 0 4 3 4 31
248 DRB1*16:05 3 3 0 0 0 0 4 3 4 0 4 3 9 33
249 DRB1*16:09 9 5 0 4 7 4 14 11 8 4 8 4 18 96
Total hits - 725 792 856 1,095 1,118 1,296 1,442 1,472 1,719 1,814 2,487 2,620 3,490 20,926

Table 3. List of the 85 human leukocyte antigen (HLA) alleles without hits for any of the 13 P. gingivalis proteins.

Number Allele Number Allele Number Allele

1 A*30:04 31 DPB1*105:01 61 DQB1*05:11
2 A*66:01 32 DPB1*11:01 62 DQB1*06:01
3 B*13:02 33 DPB1*13:01 63 DQB1*06:02
4 B*14:03 34 DPB1*17:01 64 DQB1*06:03
5 B*15:09 35 DPB1*19:01 65 DQB1*06:04
6 B*15:10 36 DPB1*26:01 66 DQB1*06:07
7 B*15:18 37 DPB1*28:01 67 DQB1*06:08
8 B*15:24 38 DPB1*30:01 68 DQB1*06:09
9 B*18:09 39 DPB1*49:01 69 DQB1*06:11
10 B*27:02 40 DPB1*55:01 70 DQB1*06:14
11 B*27:04 41 DPB1*85:01 71 DQB1*06:15
12 B*27:10 42 DQB1*02:02 72 DQB1*06:18
13 B*38:01 43 DQB1*03:01 73 DQB1*06:19
14 B*44:05 44 DQB1*03:02 74 DQB1*06:22
15 B*48:07 45 DQB1*03:03 75 DQB1*06:27
16 B*51:01 46 DQB1*03:04 76 DQB1*06:32
17 B*51:02 47 DQB1*03:05 77 DRB1*03:02
18 B*51:07 48 DQB1*03:10 78 DRB1*03:41
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Table 3. List of the 85 human leukocyte antigen (HLA) alleles without hits for any of the 13 P. gingivalis proteins.

(continued)
Number Allele Number Allele Number Allele
19 B*51:09 49 DQB1*03:14 79 DRB1*04:11
20 B*52:01 50 DQB1*03:17 80 DRB1*04:17
21 B*58:02 51 DQB1*03:19 81 DRB1*14:05
22 B*59:01 52 DQB1*03:23 82 DRB1*14:23
23 C*04:01 53 DQB1*03:25 83 DRB1*14:27
24 C*07:04 54 DQB1*04:01 84 DRB1*14:44
25 C*07:19 55 DQB1*04:02 85 DRB1*14:68
26 C*18:01 56 DQB1*04:03 - -
27 DPB1*04:02 57 DQB1*05:01 - -
28 DPB1*05:01 58 DQB1*05:02 - -
29 DPB1*09:01 59 DQB1*05:03 - -
30 DPB1*10:01 60 DQB1*05:06 - -
1
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Figure 2. Normalized heatmap to illustrate the data in Table 2. The scale represents Z-scores across rows (protein), from
low (blue) to high (yellow). HLA: human leukocyte antigen.

P. gingivalis proteins

The frequency distribution of hits per protein is shown in Figure 3. It can be seen that number of hits per
protein varied substantially, reflecting the higher chance for hits in proteins with longer AA sequences
(Table 1). Indeed, there was a high correlation between the number of hits and the number of AAs (Figure 4

Pearson r=0.931, P < 0.001, N = 13 proteins).
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Figure 3. Frequency distribution of hits (predicted best IC,, < 50 nM) for the 13 P. gingivalis proteins tested with 249
human leukocyte antigen (HLA)-l/ll alleles that showed at least one hit. Plotted data are from the bottom row (in bold) in
Table 2.
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Figure 4. Scatterplot of number of hits vs. length of amino acid sequence of the 13 P. gingivalis proteins to illustrate
the linear dependence of the former on the latter.
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The 13 columns of hits per allele across the 249 alleles in Table 2 constitute the “immunogenetic

profiles” of the 13 P. gingivalis proteins. We computed and evaluated all possible pairwise Pearson

_ 13x12 _
correlations (N - 2 - 78) between the immunogenetic profiles of the 13 proteins. Remarkably, all
profiles were positively and highly significantly intercorrelated, as shown in Table 4 and illustrated in

Figure 5. Very similar results were obtained for nonparametric Spearman correlations.

Table 4. Pearson correlations between immunogenetic profiles of 13 P. gingivalis proteins (N = 249 alleles).

Protein FimB FimA FimC FimD FimE Mfa1 Mfa2 Mfa3 Mfad Mfa5 RgpA Kgp RgpB
FimB

FimA 0.788

FimC 0.773 0.880

FimD 0.699 0.912 0.904

FimE 0.814 0924 0.878 0.902

Mfa1 0.818 0944 0.866 0.888 0.933

Mfa2 0.832 0875 0.778 0.758 0.841 0.869

Mfa3 0.728 0.893 0.757 0.864 0.869 0.882 0.816

Mfa4 0.43 0.579 0.588 0.631 0.677 0574 0.53 0.479

Mfa5 0.875 0949 0.857 0.898 0.929 0937 0.886 0.912 0.568

RgpA 0.890 0.887 0.876 0.846 0.893 0.886 0.863 0.76 0.657 0.905

Kgp 0.899 0849 0.787 0.772 0.869 0.876 0.867 0.746 0.665 0.899 0.938
RgpB 0.882 0.872 0.802 0.811 0.899 0.896 0.845 0.772 0.676 0.921 0.939 0.962

All P-values were highly statistically significant, ranging from 1.65 x 107" to 1.31 x 107%. These values Bonferroni-corrected for
78 multiple comparisons, ranged from 1.28 x 107* to 1.01 x 107"°.
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Figure 5. Scatterplots of pairs of immunogenetic profiles between all 78 pairs of P. gingivalis proteins. The correlation
for each pair is given in Table 4. See text for details.
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HLA alleles

The number of hits per HLA Class and gene is given in Table 5. It can be seen that alleles of all HLA-I genes
had high percentages of hits (A > C > B), for an overall hit percentage of 81.7%. By contrast, HLA-II alleles
had an overall hit percentage of 69.3%, with DRB1 gene leading (92.2%), DPB1 gene following (63.4%), and
DQB1 gene totally absent. The frequency distribution of hits per HLA allele is shown in Figure 6. It can be
seen that the distribution tends to exponential, with a few alleles having a lot of hits; for example,
DRB1*01:18, DRB1*01:01, DRB1*01:20 and DRB1*10:01 have more than 600 hits. Alleles with zero hits
were also observed in other genes, with lowest occurrence in gene A of HLA-I (4.9%) and gene DRB1 of
HLA-II (7.8%). The promiscuity of HLA-II alleles (candidates for vaccine development) are given in Table
S4.

Table 5. Number of hits per gene and human leukocyte antigen (HLA) class.

Class Gene N alleles tested N alleles with hits N alleles without hits
HLA-I A 41 39 (95.1%) 2 (4.9%)
B 72 52 (72.2%) 20 (27.8%)
C 29 25 (86.2%) 4 (13.8%)
Total 142 116 (81.7%) 26 (18.3%)
HLA-II DPB1 41 26 (63.4%) 15 (36.6%)
DQB1 35 0 (0.0%) 35 (100%)
DRB1 116 107 (92.2%) 9 (7.8%)
Total 192 133 (69.3%) 59 (30.7%)
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Figure 6. The number of hits for each human leukocyte antigen (HLA)-l/ll allele is plotted, ranked from high to low. The
4 alleles names had the highest number of hits.

The 249 rows of hits per protein across the 13 proteins in Table 2 constitute the “protein profiles” of a

given allele. We computed and evaluated all possible pairwise Pearson correlations (

N = 22X28 _ 30876
- 2 — 77%77) among these protein profiles. We found the following: of the total 30,876 correla-

tions, (a) 69 (0.223%) were practically zero; (b) 9,554 (30.943%) were negative (range: -0.0001 to -0.776)
comprising 121 statistically significant correlations at the nominal (uncorrected) level of P < 0.05 (P-value
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range: 0.0018 to 0.0495) but nonsignificant when Bonferroni-corrected for 30,876 multiple comparisons
(P<0.05); and (c) 21,253 (68.833%) correlations were positive (range: 0.999 to 0.008), comprising 9,024
statistically significant at the nominal (uncorrected) P < 0.05 level (P-value range: P < 0.00001 to P =
0.0499), including 244 correlations with significant Bonferroni-corrected P-values (P < 0.05).

Peptides

We further investigated the association between 15-mer peptides and HLA-II alleles to identify peptides
suitable for development of vaccines against P. gingivalis. Indeed, we identified 798 unique 15-mer peptides
(Table S5) that bound with predicted high-affinity binding to 133 HLA-II molecules in 6,343 pHLA-II
combinations (Table S6) where it can be seen that there were frequently multiple hits for the same protein-
allele combinations. It should be noted that 770/798 (96.5%) of these peptides were associated with alleles
of the DRB1 gene (Table S5) which, unlike the DPB1 and DQB1 genes, possesses the same alpha chain. The
frequency distribution of unique 15-mer, strongly binding peptides is illustrated in Figure 7A, and their
association with specific HLA-II alleles is illustrated in Figure 7B.
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Figure 7. Unique 15-mer peptides. (A) Frequency of occurrence of the 798 unique peptides, ranked from high to low. (B)
Number of unique peptides per human leukocyte antigen (HLA)-II allele strongly binding to them. See text for details.

Overlap with other human proteins

We tested for possible overlap of the 798 unique 15-mer peptides with other human proteins by comparing
them against the human proteome dataset version 24.1, provided by The Human Protein Atlas (The Human
Protein Atlas. Accessed on October 22, 2025. https://www.proteinatlas.org/about/
download#protein_atlas_data), comprising a total of 83,607 human proteins. We did not find any matches.
This suggests that potential vaccines based on those peptides are not likely to cause autoimmune adverse
effects.

Discussion

P. gingivalis is a key pathogen implicated in periodontal disease, a common condition in adults that not only
affects oral health but also contributes to systemic diseases [6, 7]. As with other pathogens, the human
immune system targets P. gingivalis and other invading organisms via interacting innate and adaptive
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immune system responses. Local inflammatory responses initiated by the innate immune system are aimed
at preventing the bacteria from further invasion. If successful, the infection is resolved, and homeostasis of
the microbial biofilm and periodontal health is maintained. In parallel, the adaptive immune system is
activated as a second line of defense, for which HLA, the focus of the present paper, is critical. The HLA
system plays a central role in immune system responses to various invaders, including bacteria, viruses,
and cancer, with both Class I and II contributing to highly specific adaptive immune system responses
aimed at pathogen neutralization, if not elimination. Successful resolution of infection via HLA hinges on
binding affinity between an HLA molecule and P. gingivalis peptides as an initial step that permits
presentation of the HLA-peptide complex to lymphocytes to facilitate immune responses against antigenic
peptides. In contrast, insufficient binding affinity hinders clearance of the infection, the result of which
includes dysbiosis of the biofilm, tissue damage, and chronic inflammation that may extend beyond local
periodontal effects to impact distant organs [19]. Thus, prevention of P. gingivalis propagation and
dissemination is important, and HLA plays a major role in natural defenses against it.

HLA-peptide binding affinity is at the very core of the adaptive immune system response targeting P.
gingivalis. Here we found that of the ~3 million HLA-P. gingivalis peptide combinations tested across the 13
proteins, 20,926 were associated with high-affinity binding “hits”. Those hits spanned both HLA classes and
all of the HLA genes with the exception of DQB1, possibly due to its testing paired with only one alpha chain
(DQA*01:01). Similarly, the hits for DPB1 alleles could be underestimated, given that only one alpha chain
was used for pairing (DPA*01:03). Approximately 75% of the alleles tested had at least one high-affinity hit
for P. gingivalis peptides; some alleles (i.e,, DRB1*01:18, DRB1*01:01) had over 1,000 hits across the 13 P.
gingivalis proteins tested. Alleles with higher frequency hits have more opportunities to initiate adaptive
immune system responses targeting P. gingivalis compared to alleles with few hits; individuals possessing
alleles with higher frequency hits are presumably less likely to have periodontitis related to P. gingivalis
due to enhanced ability to neutralize or eliminate the bacteria. This stands in marked contrast to the 85
alleles that did not have any high-affinity binding hits with any of the P. gingivalis proteins. Since each
individual possesses 12 HLA alleles (two for each gene) that code for HLA glycoproteins that bind and
present peptides to T cells, the lack of protection against P. gingivalis by those alleles with no high-affinity
hits may be offset by other alleles an individual possesses, depending on the individual’s HLA composition.
To our knowledge, this is the first study to evaluate high resolution in silico HLA binding affinity en masse
with P. gingivalis proteins. Several prior studies that have evaluated HLA with regard to periodontitis have
documented both protective and susceptibility HLA alleles [49, 50, 74]; however, periodontitis is linked to
several bacterial species [75] and HLA-periodontitis associations are not necessarily attributable to P.
gingivalis. Indeed, a recent study found that antibody levels against two bacteria associated with
periodontitis, Aggregatibacter actinomycetemcomitans and P. gingivalis, were associated with different HLA
alleles [76], leading the authors to emphasize the genetic variation in the immune system response to
pathogens associated with periodontitis. Here we show that the genetic variation in immune system
response extends to different proteins of the same pathogen.

With respect to the 13 proteins tested, all 13 proteins were characterized by high-affinity hits although
there was considerable variation in the total number of high-affinity binding hits for each protein. For
instance, Kgp had ~5x as many high-affinity hits across alleles as FimB (Kgp: 3,490 vs. FimB: 725). Proteins
associated with a greater number of high-affinity hits across alleles are more likely to bind with a variety of
HLA proteins to stimulate adaptive immune responses. Here, gingipains Kgp, RgpB, and minor fimbriae
Mfa5, the longest proteins, had the most hits. Gingipains, the primary virulence factors of P. gingivalis, play
a major role in every aspect of infection, including attachment and colonization, tissue invasion, and evasion
of innate immune defenses [17]. Thus, HLA that bind and neutralize gingipains are likely to reduce their
potential virulence. Similarly, HLA binding with Mfa5, one of the minor fimbriae proteins involved in
adhesion to host cells, is likely to disrupt attachment and invasion via adaptive immune system responses
targeting the Mfa5 protein. Relative to other Mfa proteins, Mfa5, an ancillary tip protein, is structurally
distinct [77]. It is unclear to what extent those structural differences influence differences in HLA binding;
however, it has been recognized that Mfa5 antibodies (which are produced as a result of high-affinity HLA-
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II binding) may hinder establishment and proliferation of P. gingivalis, thereby preventing colonization and
chronic inflammation that has been associated with periodontitis as well as systemic diseases [77].

P. gingivalis has been implicated in numerous systemic diseases, including Alzheimer’s disease (AD),
rheumatoid arthritis, and heart disease, among others [78]. Both direct bacterial invasion and indirect
mechanisms tied to inflammatory responses contribute to systemic effects associated with P. gingivalis.
Notably, P. gingivalis also interacts synergistically with several common viruses that are implicated in AD
and other systemic diseases [79]. P. gingivalis can survive unbound in the cytoplasm and spread to
neighboring cells, pass to and infect oral epithelial cells and endothelial cells of blood vessels, and
translocate and disseminate to other organs via the bloodstream and other pathways [5, 10, 80-82].
Indeed, P. gingivalis is among the most abundant species found in coronary and femoral artery tissues from
patients with atherosclerosis [83] and serum and synovial fluid of patients with rheumatoid arthritis [84].
Moreover, P. gingivalis DNA and gingipain antigens have been identified in the brain and cerebrospinal fluid
of individuals with AD and shown to correspond with AD pathology [11]. Substantial additional evidence
implicates P. gingivalis in AD and other neurodegenerative conditions, including Parkinson’s disease and
multiple sclerosis via neuroinflammation and oxidative stress [10, 82]. The extensive research linking P.
gingivalis to systemic diseases highlights the importance of prevention and/or intervention for oral health
as well as systemic health.

Conventional therapies to combat P. gingivalis include antimicrobial antiseptics (e.g., chlorhexidine)
and antibiotics; however, limitations of these approaches, including concern about antibiotic resistance [85,
86], have given way to alternative strategies. Several novel therapeutic approaches targeting P. gingivalis,
discussed elsewhere [82], have shown promise in pre-clinical studies, including various nano-medicine
based approaches, gingipain inhibitors, and peptide-based strategies targeting gingipain and other P.
gingivalis peptides. Development of vaccines represents another promising avenue for preventing P.
gingivalis-related disease with considerable recent and ongoing P. gingivalis vaccine development research
underway, particularly targeting FimA, gingipains, and outer membrane proteins [87-89]. The selection of
immunogenic antigens is of paramount importance for vaccine development. An important consideration
with regard to selection of immunogenic antigens for vaccines is individual HLA-II composition since
binding affinity of HLA-II molecules varies across antigens. Production of antibodies, whether from natural
immunity or vaccination, depends on HLA Class Il-antigen binding as an initial step. That is, the adaptive
immune response depends on the interaction between host HLA and P. gingivalis protein peptides. Here we
identified immunogenic 15-mer peptide sequences and provided the corresponding HLA to which they
bound with high-affinity. Several 15-mer sequences were characterized by high binding affinity for multiple
HLA alleles, potentially reflecting promising candidates for future vaccine development, an avenue for
future study. Since the peptides did not overlap with any of the human proteome, the risk of autoimmunity
is expected to be reduced. It is worth noting that similar immunoinformatic approaches have been used as
the in recent multi-epitope P. gingivalis vaccine design efforts, albeit limited to identification of epitopes
that bind with DRB1*0101 [90]. Identification of candidate epitopes in silico is a promising initial step in P.
gingivalis vaccine development that narrows the scope of antigens to those predicted to bind with high-
affinity and elicit an immune response [91, 92], setting the stage for in vitro and in vivo studies evaluating
the safety and efficacy of peptide-based vaccines.

The key innovation of our study lies in the exhaustive testing of all possible linear epitopes of the
standard 15-AA length for HLA-II presentation, thus screening for the most promising peptides to be
evaluated further by in vitro, ex vivo, and in vivo methods for vaccine development. And the key discovery
is the identification of 798 15-mer peptides that are exclusively non-self, since they were not found in
proteins of the human connectome, making them safe against autoimmune untoward effects. Notably, 770
of those peptides were associated with HLA-II DRB1 gene, the alleles of which all possess a constant alpha
chain and hence are the same in all individuals. Naturally, more steps would be required to use those
peptides in development of vaccines against P. gingivalis. Such steps would include, but not be limited to:
(1) determining/confirming in vitro their binding affinities [91, 92] to the associated DRB1 alleles, (2)
evaluating the capacity of specific pHLA-II complexes to elicit adequate CD4+ engagement and proliferation,
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(3) possible pairing the peptide with a suitable adjuvant, (4) assessing for adequate production of
neutralizing antibodies against P. gingivalis, (5) evaluating protection against P. gingivalis infection in
vaccinated animals, and (6) assessing in those animals the occurrence of adverse effects before considering
running clinical trials in humans.

Finally, it should be emphasized that the use of such vaccines would be for prophylactic purposes, not
for a therapeutic effect, given the various known mechanisms of immune evasion by P. gingivalis [48, 58,
93] which would be expected to appreciably reduce a robust antibody production.

Limitations

The hits for DPB1 and DQB1 genes are possibly underestimated, given that only one alpha chain was used
for pairing, namely DPA*01:03 and DQA*01:01, respectively. Although both of these specific alpha chains
are very frequent, DP and DQ alpha chains can vary substantially, especially among different ethnicities and
among different alpha-beta chain combinations, making practically infeasible the exhaustive testing of all
possible DPA/DPB and DQA/DQB combinations.

Abbreviations

AA: amino acid

APCs: antigen-presenting cells

HLAs: human leukocyte antigens

pHLA: peptide-human leukocyte antigen
TCR: T-cell receptor

Supplementary materials

The supplementary tables for this article are available at: https://www.explorationpub.com/uploads/
Article/file/1003271_sup_1.pdf.

Declarations
Disclaimer

The contents do not represent the views of the U.S. Department of Veterans Affairs or the United States
Government.

Author contributions

LM]J: Conceptualization, Investigation, Funding acquisition, Writing—original draft, Writing—review &
editing. MS: Data curation, Software, Writing—review & editing. APG: Data curation, Formal analysis,
Visualization, Funding acquisition, Writing—original draft, Writing—review & editing. All authors read and
approved the submitted version.

Conflicts of interest

Apostolos P. Georgopoulos, who is the Editorial Board Member and Guest Editor of Exploration of
Immunology, and Lisa M. James, who is the Guest Editor of Exploration of Immunology, had no involvement
in the decision-making or the review process of this manuscript. Matthew Sanders declares no conflicts of
interest.

Ethical approval

This article does not contain any studies with human participants performed by any of the authors.

Consent to participate

Not applicable.

Explor Immunol. 2026;6:1003271 | https://doi.org/10.37349/€i.2026.1003271 Page 18


https://www.explorationpub.com/uploads/Article/file/1003271_sup_1.pdf
https://www.explorationpub.com/uploads/Article/file/1003271_sup_1.pdf
https://www.explorationpub.com/uploads/Article/file/1003271_sup_1.pdf
https://www.explorationpub.com/uploads/Article/file/1003271_sup_1.pdf
https://www.explorationpub.com/uploads/Article/file/1003271_sup_1.pdf

Consent to publication

Not applicable.

Availability of data and materials

All data used were retrieved from freely accessible websites and, as such, are publicly and freely available
(http://tools.iedb.org/mhci/). Other datasets that support the findings of this study are available from the
corresponding author upon reasonable request.

Funding

Partial funding for this study was provided by the University of Minnesota (the American Legion Brain
Sciences Chair and the Kunin Chair in Women’s Healthy Brain Aging) and the U.S. Department of Veterans
Affairs. The funders had no role in study design, data collection and analysis, decision to publish, or
preparation of the manuscript.

Copyright
© The Author(s) 2026.

Publisher’s note

Open Exploration maintains a neutral stance on jurisdictional claims in published institutional affiliations
and maps. All opinions expressed in this article are the personal views of the author(s) and do not
represent the stance of the editorial team or the publisher.

References

1.  Mysak], Podzimek S, Sommerova P, Lyuya-Mi Y, Bartova |, Janatova T, et al. Porphyromonas gingivalis:
Major Periodontopathic Pathogen Overview. ] Immunol Res. 2014;2014:476068. [DOI] [PubMed]
[PMC]

2. Fiorillo L, Cervino G, Laino L, D’Amico C, Mauceri R, Tozum TF, et al. Porphyromonas gingivalis,
Periodontal and Systemic Implications: A Systematic Review. Dent ]J. 2019;7:114. [DOI] [PubMed]
[PMC]

3.  Hajishengallis G, Darveau RP, Curtis MA. The keystone-pathogen hypothesis. Nat Rev Microbiol. 2012;
10:717-25. [DOI] [PubMed] [PMC]

4.  Curtis MA, Garnett JA, Darveau RP. The Keystone-Pathogen Hypothesis Updated: The Role of

Porphyromonas gingivalis in Periodontitis. ] Periodontal Res. 2025;[Epub ahead of print]. [DOI]
[PubMed]

5. deJongh CA, de Vries TJ, Bikker F], Gibbs S, Krom BP. Mechanisms of Porphyromonas gingivalis to
translocate over the oral mucosa and other tissue barriers. ] Oral Microbiol. 2023;15:2205291. [DOI]
[PubMed] [PMC]

6. Martinez-Garcia M, Hernandez-Lemus E. Periodontal Inflammation and Systemic Diseases: An
Overview. Front Physiol. 2021;12:709438. [DOI] [PubMed] [PMC]

7. MeiF, Xie M, Huang X, Long Y, Lu X, Wang X, et al. Porphyromonas gingivalis and Its Systemic Impact:
Current Status. Pathogens. 2020;9:944. [DOI] [PubMed] [PMC(]

8.  Kanagasingam S, Chukkapalli SS, Welbury R, Singhrao SK. Porphyromonas gingivalis is a Strong Risk
Factor for Alzheimer’s Disease. ] Alzheimers Dis Rep. 2020;4:501-11. [DOI] [PubMed] [PMC]

9. FuY, Xu X, Zhang Y, Yue P, Fan Y, Liu M, et al. Oral Porphyromonas gingivalis Infections Increase the
Risk of Alzheimer’s Disease: A Review. Oral Health Prev Dent. 2023;21:7-16. [DOI] [PubMed] [PMC]

10. Huang Z, Hao M, Shi N, Wang X, Yuan L, Yuan H, et al. Porphyromonas gingivalis: a potential trigger of
neurodegenerative disease. Front Immunol. 2025;16:1482033. [DOI] [PubMed] [PMC(]

Explor Immunol. 2026;6:1003271 | https://doi.org/10.37349/€i.2026.1003271 Page 19


http://tools.iedb.org/mhci/
http://tools.iedb.org/mhci/
http://tools.iedb.org/mhci/
https://dx.doi.org/10.1155/2014/476068
http://www.ncbi.nlm.nih.gov/pubmed/24741603
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3984870
https://dx.doi.org/10.3390/dj7040114
http://www.ncbi.nlm.nih.gov/pubmed/31835888
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6960968
https://dx.doi.org/10.1038/nrmicro2873
http://www.ncbi.nlm.nih.gov/pubmed/22941505
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3498498
https://dx.doi.org/10.1111/jre.70050
http://www.ncbi.nlm.nih.gov/pubmed/41174353
https://dx.doi.org/10.1080/20002297.2023.2205291
http://www.ncbi.nlm.nih.gov/pubmed/37124549
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10134951
https://dx.doi.org/10.3389/fphys.2021.709438
http://www.ncbi.nlm.nih.gov/pubmed/34776994
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8578868
https://dx.doi.org/10.3390/pathogens9110944
http://www.ncbi.nlm.nih.gov/pubmed/33202751
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7696708
https://dx.doi.org/10.3233/adr-200250
http://www.ncbi.nlm.nih.gov/pubmed/33532698
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7835991
https://dx.doi.org/10.3290/j.ohpd.b3818045
http://www.ncbi.nlm.nih.gov/pubmed/36651311
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11619833
https://dx.doi.org/10.3389/fimmu.2025.1482033
http://www.ncbi.nlm.nih.gov/pubmed/40028317
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11867964

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

Dominy SS, Lynch C, Ermini F, Benedyk M, Marczyk A, Konradi A, et al. Porphyromonas gingivalis in
Alzheimer’s disease brains: Evidence for disease causation and treatment with small-molecule
inhibitors. Sci Adv. 2019;5:eaau3333. [DOI] [PubMed] [PMC(]

Potempa ], Mydel P, Koziel ]. The case for periodontitis in the pathogenesis of rheumatoid arthritis.
Nat Rev Rheumatol. 2017;13:606-20. [DOI] [PubMed]

LiY, Guo R, Oduro PK, Sun T, Chen H, Yi Y, et al. The Relationship Between Porphyromonas Gingivalis
and Rheumatoid Arthritis: A Meta-Analysis. Front Cell Infect Microbiol. 2022;12:956417. [DOI]
[PubMed] [PMC]

Li C, Yu R, Ding Y. Association between Porphyromonas Gingivalis and systemic diseases: Focus on T
cells-mediated adaptive immunity. Front Cell Infect Microbiol. 2022;12:1026457. [DOI] [PubMed]
[PMC]

How KY, Song KP, Chan KG. Porphyromonas gingivalis: An Overview of Periodontopathic Pathogen
below the Gum Line. Front Microbiol. 2016;7:53. [DOI] [PubMed] [PMC]

Plonczynska A, Prucsi Z, Sochalska M, Potempa ]. Porphyromonas Gingivalis Virulence Factors and
their Role in Undermining Antimicrobial Defenses and Host Cell Death Programs in the Pathobiology
of Chronic Periodontal Disease. Adv Microbiol. 2025;64:3-23. [DOI]

Guo Y, Nguyen KA, Potempa ]J. Dichotomy of gingipains action as virulence factors: from cleaving
substrates with the precision of a surgeon’s knife to a meat chopper-like brutal degradation of
proteins. Periodontol 2000. 2010;54:15-44. [DOI] [PubMed] [PMC]

Xu W, Zhou W, Wang H, Liang S. Roles of Porphyromonas gingivalis and its virulence factors in
periodontitis. Adv Protein Chem Struct Biol. 2020;120:45-84. [DOI] [PubMed] [PMC]

Hajishengallis G. Periodontitis: from microbial immune subversion to systemic inflammation. Nat Rev
Immunol. 2015;15:30-44. [DOI] [PubMed] [PMC]

Hajishengallis G, Diaz PI. Porphyromonas gingivalis: Immune Subversion Activities and Role in
Periodontal Dysbiosis. Curr Oral Health Rep. 2020;7:12-21. [DOI] [PubMed] [PMC]

Trowsdale ], Knight JC. Major Histocompatibility Complex Genomics and Human Disease. Annu Rev
Genomics Hum Genet. 2013;14:301-23. [DOI] [PubMed] [PMC(]

van Deutekom HW, Kesmir C. Zooming into the binding groove of HLA molecules: which positions and
which substitutions change peptide binding most? Immunogenetics. 2015;67:425-36. [DOI] [PubMed]
[PMC]

Davenport MP, Quinn CL, Chicz RM, Green BN, Willis AC, Lane WS, et al. Naturally processed peptides
from two disease-resistance-associated HLA-DR13 alleles show related sequence motifs and the
effects of the dimorphism at position 86 of the HLA-DR beta chain. Proc Natl Acad Sci U S A. 1995;92:
6567-71. [DOI] [PubMed] [PMC(C]

Nguyen AT, Szeto C, Gras S. The pockets guide to HLA class I molecules. Biochem Soc Trans. 2021;49:
2319-31. [DOI] [PubMed] [PMC(]

Blum ]S, Wearsch PA, Cresswell P. Pathways of Antigen Processing. Annu Rev Immunol. 2013;31:
443-73. [DOI] [PubMed] [PMC]

Pishesha N, Harmand TJ, Ploegh HL. A guide to antigen processing and presentation. Nat Rev
Immunol. 2022;22:751-64. [DOI] [PubMed]

Marrack P, Kappler J. The T Cell Receptor. Science. 1987;238:1073-9. [DOI] [PubMed]

Alcover A, Alarcén B, Di Bartolo V. Cell Biology of T Cell Receptor Expression and Regulation. Annu
Rev Immunol. 2018;36:103-25. [DOI] [PubMed]

Gaud G, Lesourne R, Love PE. Regulatory mechanisms in T cell receptor signalling. Nat Rev Immunol.
2018;18:485-97. [DOI] [PubMed]

Manz BN, Jackson BL, Petit RS, Dustin ML, Groves ]. T-cell triggering thresholds are modulated by the
number of antigen within individual T-cell receptor clusters. Proc Natl Acad Sci U S A. 2011;108:
9089-94. [DOI] [PubMed] [PMC(]

Explor Immunol. 2026;6:1003271 | https://doi.org/10.37349/€1.2026.1003271 Page 20


https://dx.doi.org/10.1126/sciadv.aau3333
http://www.ncbi.nlm.nih.gov/pubmed/30746447
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6357742
https://dx.doi.org/10.1038/nrrheum.2017.132
http://www.ncbi.nlm.nih.gov/pubmed/28835673
https://dx.doi.org/10.3389/fcimb.2022.956417
http://www.ncbi.nlm.nih.gov/pubmed/35923803
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9340274
https://dx.doi.org/10.3389/fcimb.2022.1026457
http://www.ncbi.nlm.nih.gov/pubmed/36467726
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9712990
https://dx.doi.org/10.3389/fmicb.2016.00053
http://www.ncbi.nlm.nih.gov/pubmed/26903954
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4746253
https://dx.doi.org/10.2478/am-2025-0001
https://dx.doi.org/10.1111/j.1600-0757.2010.00377.x
http://www.ncbi.nlm.nih.gov/pubmed/20712631
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2924770
https://dx.doi.org/10.1016/bs.apcsb.2019.12.001
http://www.ncbi.nlm.nih.gov/pubmed/32085888
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8204362
https://dx.doi.org/10.1038/nri3785
http://www.ncbi.nlm.nih.gov/pubmed/25534621
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4276050
https://dx.doi.org/10.1007/s40496-020-00249-3
http://www.ncbi.nlm.nih.gov/pubmed/33344104
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7747940
https://dx.doi.org/10.1146/annurev-genom-091212-153455
http://www.ncbi.nlm.nih.gov/pubmed/23875801
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4426292
https://dx.doi.org/10.1007/s00251-015-0849-y
http://www.ncbi.nlm.nih.gov/pubmed/26040913
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4498290
https://dx.doi.org/10.1073/pnas.92.14.6567
http://www.ncbi.nlm.nih.gov/pubmed/7604034
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC41559
https://dx.doi.org/10.1042/bst20210410
http://www.ncbi.nlm.nih.gov/pubmed/34581761
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8589423
https://dx.doi.org/10.1146/annurev-immunol-032712-095910
http://www.ncbi.nlm.nih.gov/pubmed/23298205
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4026165
https://dx.doi.org/10.1038/s41577-022-00707-2
http://www.ncbi.nlm.nih.gov/pubmed/35418563
https://dx.doi.org/10.1126/science.3317824
http://www.ncbi.nlm.nih.gov/pubmed/3317824
https://dx.doi.org/10.1146/annurev-immunol-042617-053429
http://www.ncbi.nlm.nih.gov/pubmed/29261409
https://dx.doi.org/10.1038/s41577-018-0020-8
http://www.ncbi.nlm.nih.gov/pubmed/29789755
https://dx.doi.org/10.1073/pnas.1018771108
http://www.ncbi.nlm.nih.gov/pubmed/21576490
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3107331

31

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Sykulev Y, Brunmark A, Jackson M, Cohen R], Peterson PA, Eisen HN. Kinetics and affinity of reactions
between an antigen-specific T cell receptor and peptide-MHC complexes. Immunity. 1994;1:15-22.
[DOI] [PubMed]

Sykulev Y, Joo M, Vturina [, Tsomides TJ, Eisen HN. Evidence that a Single Peptide-MHC Complex on a
Target Cell Can Elicit a Cytolytic T Cell Response. Immunity. 1996;4:565-71. [DOI] [PubMed]

Valitutti S, Miiller S, Cella M, Padovan E, Lanzavecchia A. Serial triggering of many T-cell receptors by a
few peptide-MHC complexes. Nature. 1995;375:148-51. [DOI] [PubMed]

Kageyama S, Tsomides TJ], Sykulev Y, Eisen HN. Variations in the number of peptide-MHC class |
complexes required to activate cytotoxic T cell responses. ] Immunol. 1995;154:567-76. [DOI]
Groscurth P, Filgueira L. Killing Mechanisms of Cytotoxic T Lymphocytes. News Physiol Sci. 1998;13:
17-21. [DOI] [PubMed]

Lazarski CA, Chaves FA, Jenks SA, Wu S, Richards KA, Weaver M, et al. The Kinetic Stability of MHC
Class II:Peptide Complexes Is a Key Parameter that Dictates Inmunodominance. Immunity. 2005;23:
29-40. [DOI] [PubMed]

Irvine D], Purbhoo MA, Krogsgaard M, Davis MM. Direct observation of ligand recognition by T cells.
Nature. 2002;419:845-9. [DOI] [PubMed]

Alberts B, Johnson A, Lewis ], Raff M, Roberts K, Walter P. Molecular Biology of the Cell. 4th edition.
New York: Garland Science; 2002.

Ollila ], Vihinen M. B cells. Int ] Biochem Cell Biol. 2005;37:518-23. [DOI] [PubMed]

Hoffman W, Lakkis FG, Chalasani G. B Cells, Antibodies, and More. Clin ] Am Soc Nephrol. 2016;11:
137-54. [DOI] [PubMed] [PMC(]

Castellino F, Germain RN. COOPERATION BETWEEN CD4*AND CD8*T CELLS: When, Where, and How.
Annu Rev Immunol. 2006;24:519-40. [DOI] [PubMed]

Bluestone JA. New perspectives of CD28-B7-mediated T cell costimulation. Immunity. 1995;2:555-9.
[DOI] [PubMed]

Fearon DT, Locksley RM. The Instructive Role of Innate Immunity in the Acquired Immune Response.
Science. 1996;272:50-3. [DOI] [PubMed]

Lenschow D], Walunas TL, Bluestone JA. CD28/B7 SYSTEM OF T CELL COSTIMULATION. Annu Rev
Immunol. 1996;14:233-58. [DOI] [PubMed]

Liu Y, Janeway CA Jr. Cells that present both specific ligand and costimulatory activity are the most
efficient inducers of clonal expansion of normal CD4 T cells. Proc Natl Acad Sci U S A. 1992;89:3845-9.
[DOI] [PubMed] [PMC(]

Medzhitov R, Janeway CA Jr. Innate immunity: impact on the adaptive immune response. Curr Opin
Immunol. 1997;9:4-9. [DOI] [PubMed]

Medzhitov R, Janeway CA Jr. Innate immune recognition and control of adaptive immune responses.
Semin Immunol. 1998;10:351-3. [DOI] [PubMed]

Olsen I, Taubman MA, Singhrao SK. Porphyromonas gingivalis suppresses adaptive immunity in
periodontitis, atherosclerosis, and Alzheimer’s disease. ] Oral Microbiol. 2016;8:33029. [DOI]
[PubMed] [PMC]

Romero-Fonseca AZ, Sir-Mendoza F, Rey-Buitrago M. Gene Variants in TNF-a and HLA in Phenotypes
of Chronic and Aggressive Periodontitis: A Systematic Review. Basic Sci Biotechnol Bioinform. 2025;
44:1-23. [DOI]

Menezes CFS, Lage LM, Santos LGS, Nascimento GC, Magalhdes M, Facundo A, et al. HLA
Polymorphisms Linked to the Severity and Extent of Periodontitis in Patients with Type 1 Diabetes

from a Brazilian Mixed Population. Int ] Environ Res Public Health. 2025;22:512. [DOI] [PubMed]
[PMC]

Explor Immunol. 2026;6:1003271 | https://doi.org/10.37349/€1.2026.1003271 Page 21


https://dx.doi.org/10.1016/1074-7613(94)90005-1
http://www.ncbi.nlm.nih.gov/pubmed/7889394
https://dx.doi.org/10.1016/s1074-7613(00)80483-5
http://www.ncbi.nlm.nih.gov/pubmed/8673703
https://dx.doi.org/10.1038/375148a0
http://www.ncbi.nlm.nih.gov/pubmed/7753171
https://dx.doi.org/10.4049/jimmunol.154.2.567
https://dx.doi.org/10.1152/physiologyonline.1998.13.1.17
http://www.ncbi.nlm.nih.gov/pubmed/11390753
https://dx.doi.org/10.1016/j.immuni.2005.05.009
http://www.ncbi.nlm.nih.gov/pubmed/16039577
https://dx.doi.org/10.1038/nature01076
http://www.ncbi.nlm.nih.gov/pubmed/12397360
https://dx.doi.org/10.1016/j.biocel.2004.09.007
http://www.ncbi.nlm.nih.gov/pubmed/15618007
https://dx.doi.org/10.2215/cjn.09430915
http://www.ncbi.nlm.nih.gov/pubmed/26700440
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4702236
https://dx.doi.org/10.1146/annurev.immunol.23.021704.115825
http://www.ncbi.nlm.nih.gov/pubmed/16551258
https://dx.doi.org/10.1016/1074-7613(95)90000-4
http://www.ncbi.nlm.nih.gov/pubmed/7540940
https://dx.doi.org/10.1126/science.272.5258.50
http://www.ncbi.nlm.nih.gov/pubmed/8600536
https://dx.doi.org/10.1146/annurev.immunol.14.1.233
http://www.ncbi.nlm.nih.gov/pubmed/8717514
https://dx.doi.org/10.1073/pnas.89.9.3845
http://www.ncbi.nlm.nih.gov/pubmed/1349172
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC525587
https://dx.doi.org/10.1016/s0952-7915(97)80152-5
http://www.ncbi.nlm.nih.gov/pubmed/9039775
https://dx.doi.org/10.1006/smim.1998.0136
http://www.ncbi.nlm.nih.gov/pubmed/9799709
https://dx.doi.org/10.3402/jom.v8.33029
http://www.ncbi.nlm.nih.gov/pubmed/27882863
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5122233
https://dx.doi.org/10.3109/00016357.2012.750012
https://dx.doi.org/10.3390/ijerph22040512
http://www.ncbi.nlm.nih.gov/pubmed/40283738
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12026859

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Chowdhury M, Agrawal N, Kundu D, Biswas N. Association of human leukocyte antigens Class I and
Class II antigens with chronic periodontitis in East India. ] Indian Soc Periodontol. 2017;21:494-8.
[DOI] [PubMed] [PMC(]

Reichert S, Altermann W, Stein JM, Schaller HG, Machulla HK, Schulz S. Individual Composition of
Human Leukocyte Antigens and Periodontopathogens in the Background of Periodontitis. ]
Periodontol. 2013;84:100-9. [DOI] [PubMed]

Stein JM, Machulla HK, Smeets R, Lampert F, Reichert S. Human leukocyte antigen polymorphism in
chronic and aggressive periodontitis among Caucasians: a meta-analysis. ] Clin Periodontol. 2008;35:
183-92. [DOI] [PubMed]

Stein JM, Machulla HK, Deschner ], Fickl S, Jockel-Schneider Y, Tamm M, et al. Prevalence of
periodontitis in individuals with human leukocyte antigens (HLA) A9, B15, A2, and B5. Clin Oral
Investig. 2016;20:703-10. [DOI] [PubMed]

Damgaard C, Danielsen AK, Enevold C, Massarenti L, Nielsen CH, Holmstrup P, et al. Porphyromonas
gingivalis in saliva associates with chronic and aggressive periodontitis. ] Oral Microbiol. 2019;11:
1653123. [DOI] [PubMed] [PMC(]

Rafiei M, Kiani F, Sayehmiri K, Sayehmiri F, Tavirani M, Dousti M, et al. Prevalence of Anaerobic
Bacteria (P.gingivalis) as Major Microbial Agent in the Incidence Periodontal Diseases by Meta-
analysis. ] Dent (Shiraz). 2018;19:232-42. [PubMed] [PMC]

Arévalo-Caro C, Romero-Sanchez C, Garavito-Rodriguez E. Relation between anti-Porphyromonas
gingivalis antibody titers and HLA-DRB1 neutral alleles in individuals with rheumatoid arthritis. Acta
Odontol Scand. 2021;80:131-9. [DOI] [PubMed]

Hajishengallis G. Immune Evasion Strategies of Porphyromonas gingivalis. ] Oral Biosci. 2011;53:
233-40. [DOI]

Zheng S, Yu S, Fan X, Zhang Y, Sun Y, Lin L, et al. Porphyromonas gingivalis survival skills: Immune
evasion. | Periodontal Res. 2021;56:1007-18. [DOI] [PubMed]

Hurley CK, Kempenich ], Wadsworth K, Sauter J, Hofmann JA, Schefzyk D, et al. Common, intermediate
and well-documented HLA alleles in world populations: CIWD version 3.0.0. HLA. 2020;95:516-31.
[DOI] [PubMed] [PMC(]

Reynisson B, Alvarez B, Paul S, Peters B, Nielsen M. NetMHCpan-4.1 and NetMHClIpan-4.0: improved
predictions of MHC antigen presentation by concurrent motif deconvolution and integration of MS
MHC eluted ligand data. Nucleic Acids Res. 2020;48:W449-54. [DOI] [PubMed] [PMC]

IEDB Analysis Resource [Internet]. IEDB; c2005-2026 [cited 2026 Jan 7]. Available from: http://tools.
iedb.org/mhci/

Charonis S, James LM, Georgopoulos AP. In silico assessment of binding affinities of three dementia-
protective Human Leukocyte Antigen (HLA) alleles to nine human herpes virus antigens. Curr Res
Transl Med. 2020;68:211-6. [DOI] [PubMed]

Charonis SS, Tsilibary EP, Georgopoulos AP. SARS-CoV-2 Virus and Human Leukocyte Antigen (HLA)
Class II: Investigation in silico of Binding Affinities for COVID-19 Protection and Vaccine Development.
J Immunol Sci. 2020;4:12-23. [DOI] [PubMed] [PMC]

Charonis SA, Tsilibary EP, Georgopoulos AP. In silico investigation of binding affinities between
human leukocyte antigen class [ molecules and SARS-CoV-2 virus spike and ORF1ab proteins. Explor
Immunol. 2021;1:16-26. [DOI] [PubMed] [PMC]

Cerundolo V, Elliott T, Elvin ], Bastin |, Rammensee HG, Townsend A. The binding affinity and
dissociation rates of peptides for class | major histocompatibility complex molecules. Eur ] Immunol.
1991;21:2069-75. [DOI] [PubMed]

Engelhard VH. Structure of Peptides Associated with Class I and Class Il MHC Molecules. Annu Rev
Immunol. 1994;12:181-207. [DOI] [PubMed]

Explor Immunol. 2026;6:1003271 | https://doi.org/10.37349/€1.2026.1003271 Page 22


https://dx.doi.org/10.4103/jisp.jisp_309_16
http://www.ncbi.nlm.nih.gov/pubmed/29551870
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5846248
https://dx.doi.org/10.1902/jop.2012.110545
http://www.ncbi.nlm.nih.gov/pubmed/22443520
https://dx.doi.org/10.1111/j.1600-051x.2007.01189.x
http://www.ncbi.nlm.nih.gov/pubmed/18190553
https://dx.doi.org/10.1007/s00784-015-1570-9
http://www.ncbi.nlm.nih.gov/pubmed/26303647
https://dx.doi.org/10.1080/20002297.2019.1653123
http://www.ncbi.nlm.nih.gov/pubmed/31489129
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6713147
http://www.ncbi.nlm.nih.gov/pubmed/30175194
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6092461
https://dx.doi.org/10.1080/00016357.2021.1959053
http://www.ncbi.nlm.nih.gov/pubmed/34379040
https://dx.doi.org/10.1016/s1349-0079(11)80006-x
https://dx.doi.org/10.1111/jre.12915
http://www.ncbi.nlm.nih.gov/pubmed/34254681
https://dx.doi.org/10.1111/tan.13811
http://www.ncbi.nlm.nih.gov/pubmed/31970929
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7317522
https://dx.doi.org/10.1093/nar/gkaa379
http://www.ncbi.nlm.nih.gov/pubmed/32406916
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7319546
http://tools.iedb.org/mhci/
http://tools.iedb.org/mhci/
https://dx.doi.org/10.1016/j.retram.2020.06.002
http://www.ncbi.nlm.nih.gov/pubmed/32624427
https://dx.doi.org/10.29245/2578-3009/2020/4.1198
http://www.ncbi.nlm.nih.gov/pubmed/40370340
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12077080
https://dx.doi.org/10.37349/ei.2021.00003
http://www.ncbi.nlm.nih.gov/pubmed/40746829
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12311910
https://dx.doi.org/10.1002/eji.1830210915
http://www.ncbi.nlm.nih.gov/pubmed/1889458
https://dx.doi.org/10.1146/annurev.iy.12.040194.001145
http://www.ncbi.nlm.nih.gov/pubmed/7516668

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Chicz RM, Urban RG, Lane WS, Gorga ]JC, Stern L], Vignali DA, et al. Predominant naturally processed
peptides bound to HLA-DR1 are derived from MHC-related molecules and are heterogeneous in size.
Nature. 1992;358:764-8. [DOI] [PubMed]

Omran A, Amberg A, Ecker GF. Exploring diverse approaches for predicting interferon-gamma release:
utilizing MHC class Il and peptide sequences. Brief Bioinform. 2025;26:bbaf101. [DOI] [PubMed]
[PMC]

Istrail S, Florea L, Halldérsson BV, Kohlbacher O, Schwartz RS, Yap VB, et al. Comparative
immunopeptidomics of humans and their pathogens. Proc Natl Acad Sci U S A. 2004;101:13268-72.
[DOI] [PubMed] [PMC(]

Nielsen M, Lundegaard C, Blicher T, Peters B, Sette A, Justesen S, et al. Quantitative Predictions of
Peptide Binding to Any HLA-DR Molecule of Known Sequence: NetMHClIpan. PLoS Comput Biol. 2008;
4:€1000107. [DOI] [PubMed] [PMC(]

Dhanik A, Kirshner JR, MacDonald D, Thurston G, Lin HC, Murphy A], et al. In-silico discovery of
cancer-specific peptide-HLA complexes for targeted therapy. BMC Bioinform. 2016;17:286. [DOI]
[PubMed] [PMC]

Barquera R, Collen E, Di D, Buhler S, Teixeira ], Llamas B, et al. Binding affinities of 438 HLA proteins
to complete proteomes of seven pandemic viruses and distributions of strongest and weakest HLA
peptide binders in populations worldwide. HLA. 2020;96:277-98. [DOI] [PubMed] [PMC]

Salminen A, Hyvarinen K, Ritari ], Caetano A, Kambur O, Mantyla P, et al. Genetic Loci Associated With
Periodontitis: The FinnGen Study Based on National Health Registers. ] Clin Periodontol. 2025;52:
1263-75. [DOI] [PubMed] [PMC]

Sedghi LM, Bacino M, Kapila YL. Periodontal Disease: The Good, The Bad, and The Unknown. Front
Cell Infect Microbiol. 2021;11:766944. [DOI] [PubMed] [PMC]

Abdelkader H, Salminen A, Leskeld ], Palviainen T, Salasuo E, Paju S, et al. GWAS of Serum Antibodies
to Microbial Biomarker Species of Periodontitis. ] Dent Res. 2026;105:866-74. [DOI] [PubMed]
Heidler TV, Ernits K, Ziolkowska A, Claesson R, Persson K. Porphyromonas gingivalis fimbrial protein
Mfa5 contains a von Willebrand factor domain and an intramolecular isopeptide. Commun Biol. 2021;
4:106. [DOI] [PubMed] [PMC(]

Messina BM, Grippaudo C, Polizzi A, Blasi A, Isola G. The Key Role of Porphyromonas gingivalis in the
Pathogenesis of Periodontitis Linked with Systemic Diseases. Appl Sci. 2025;15:6847. [DOI]
Mahdizadeh S, Hamid KH, Roudsari MB, Jamil NY, Alfarttoosi KH, Taher SG, et al. Impact of emerging

and re-emerging viral infections on periodontitis progression. Arch Microbiol. 2025;208:59. [DOI]
[PubMed]

Amano A, Furuta N. Cell entry and exit by periodontal pathogen Porphyromonas gingivalis. ] Oral
Biosci. 2012;54:54-7. [DOI]

Tribble GD, Lamont R]. Bacterial invasion of epithelial cells and spreading in periodontal tissue.
Periodontol 2000. 2010;52:68-83. [DOI] [PubMed] [PMC(]

Jin S, Wu X, Zhang Y, Xu F, Zhen W, Sun Y, et al. Porphyromonas gingivalis links Alzheimer’s disease
and periodontal disease: Neuroinflammatory mechanisms and therapeutic implications. hLife. 2026;4:
267-88. [DOI]

Mougeot ]C, Stevens CB, Paster BJ, Brennan MT, Lockhart PB, Mougeot FK. Porphyromonas gingivalis is
the most abundant species detected in coronary and femoral arteries. ] Oral Microbiol. 2017;9:
1281562. [DOI] [PubMed] [PMC(]

Martinez-Martinez RE, Abud-Mendoza C, Patifio-Marin N, Rizo-Rodriguez ]JC, Little JW, Loyola-
Rodriguez JP. Detection of periodontal bacterial DNA in serum and synovial fluid in refractory
rheumatoid arthritis patients. ] Clin Periodontol. 2009;36:1004-10. [DOI] [PubMed]

Ardila CM, Granada MI, Guzman IC. Antibiotic resistance of subgingival species in chronic
periodontitis patients. ] Periodontal Res. 2010;45:557-63. [DOI] [PubMed]

Explor Immunol. 2026;6:1003271 | https://doi.org/10.37349/€1.2026.1003271 Page 23


https://dx.doi.org/10.1038/358764a0
http://www.ncbi.nlm.nih.gov/pubmed/1380674
https://dx.doi.org/10.1093/bib/bbaf101
http://www.ncbi.nlm.nih.gov/pubmed/40067115
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11894801
https://dx.doi.org/10.1073/pnas.0404740101
http://www.ncbi.nlm.nih.gov/pubmed/15326311
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC516558
https://dx.doi.org/10.1371/journal.pcbi.1000107
http://www.ncbi.nlm.nih.gov/pubmed/18604266
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2430535
https://dx.doi.org/10.1186/s12859-016-1150-2
http://www.ncbi.nlm.nih.gov/pubmed/27439771
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4955262
https://dx.doi.org/10.1111/tan.13956
http://www.ncbi.nlm.nih.gov/pubmed/32475052
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7300650
https://dx.doi.org/10.1111/jcpe.14193
http://www.ncbi.nlm.nih.gov/pubmed/40682483
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12377943
https://dx.doi.org/10.3389/fcimb.2021.766944
http://www.ncbi.nlm.nih.gov/pubmed/34950607
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8688827
https://dx.doi.org/10.1177/00220345251387642
http://www.ncbi.nlm.nih.gov/pubmed/41320888
https://dx.doi.org/10.1038/s42003-020-01621-w
http://www.ncbi.nlm.nih.gov/pubmed/33495563
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7835359
https://dx.doi.org/10.3390/app15126847
https://dx.doi.org/10.1007/s00203-025-04627-2
http://www.ncbi.nlm.nih.gov/pubmed/41379341
https://dx.doi.org/10.1016/j.job.2011.03.001
https://dx.doi.org/10.1111/j.1600-0757.2009.00323.x
http://www.ncbi.nlm.nih.gov/pubmed/20017796
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3647226
https://dx.doi.org/10.1016/j.hlife.2026.03.001
https://dx.doi.org/10.1080/20002297.2017.1281562
http://www.ncbi.nlm.nih.gov/pubmed/28326156
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5328378
https://dx.doi.org/10.1111/j.1600-051x.2009.01496.x
http://www.ncbi.nlm.nih.gov/pubmed/19929953
https://dx.doi.org/10.1111/j.1600-0765.2010.01274.x
http://www.ncbi.nlm.nih.gov/pubmed/20546113

86.

87.

88.

89.

90.

91.

92.

93.

Rams TE, Sautter JD, van Winkelhoff A]. Emergence of Antibiotic-Resistant Porphyromonas gingivalis
in United States Periodontitis Patients. Antibiotics. 2023;12:1584. [DOI] [PubMed] [PMC(]

Wang S, Yan T, Zhang B, Chen Y, Li Z. Porphyromonas gingivalis Vaccine: Antigens and Mucosal
Adjuvants. Vaccines. 2024;12:619. [DOI] [PubMed] [PMC]

Fan X, Qu PY, Luan KF, Sun CY, Ren HP, Sun XH, et al. A cleaved adhesin DNA vaccine targeting
dendritic cell against Porphyromonas gingivalis —-induced periodontal disease. Mol Oral Microbiol.
2024;39:433-45. [DOI] [PubMed]

Nasiri O, Hajihassani M, Noori Goodarzi N, Fereshteh S, Bolourchi N, Firoozeh F, et al. Reverse
vaccinology approach to identify novel and immunogenic targets against Porphyromonas gingivalis:
An in silico study. PLoS One. 2022;17:e0273770. [DOI] [PubMed] [PMC]

Shaker B, Ahmad S, Shen ], Kim HW, Na D. Computational Design of a Multi-Epitope Vaccine Against
Porphyromonas gingivalis. Front Immunol. 2022;13:806825. [DOI] [PubMed] [PMC]

Wendorff M, Garcia Alvarez HM, @sterbye T, EIAbd H, Rosati E, Degenhardt F, et al. Unbiased
Characterization of Peptide-HLA Class II Interactions Based on Large-Scale Peptide Microarrays;
Assessment of the Impact on HLA Class Il Ligand and Epitope Prediction. Front Immunol. 2020;11:
1705. [DOI] [PubMed] [PMC]

Bi], Jiang L, Zhao ], Zhuang X, Pan L. Targeting peptide-HLA complexes for precision immunotherapy.
Trends Pharmacol Sci. 2026;47:603-21. [DOI] [PubMed]

Abdi K, Chen T, Klein BA, Tai AK, Coursen ], Liu X, et al. Mechanisms by which Porphyromonas
gingivalis evades innate immunity. PLOS ONE. 2017;12:e0182164. [DOI] [PubMed] [PMC]

Explor Immunol. 2026;6:1003271 | https://doi.org/10.37349/€1.2026.1003271 Page 24


https://dx.doi.org/10.3390/antibiotics12111584
http://www.ncbi.nlm.nih.gov/pubmed/37998786
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10668829
https://dx.doi.org/10.3390/vaccines12060619
http://www.ncbi.nlm.nih.gov/pubmed/38932348
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11209493
https://dx.doi.org/10.1111/omi.12465
http://www.ncbi.nlm.nih.gov/pubmed/38696249
https://dx.doi.org/10.1371/journal.pone.0273770
http://www.ncbi.nlm.nih.gov/pubmed/36040920
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9426909
https://dx.doi.org/10.3389/fimmu.2022.806825
http://www.ncbi.nlm.nih.gov/pubmed/35250977
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8894597
https://dx.doi.org/10.3389/fimmu.2020.01705
http://www.ncbi.nlm.nih.gov/pubmed/32903714
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7438773
https://dx.doi.org/10.1016/j.tips.2025.11.007
http://www.ncbi.nlm.nih.gov/pubmed/41530035
https://dx.doi.org/10.1371/journal.pone.0182164
http://www.ncbi.nlm.nih.gov/pubmed/28771533
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5542538

	Abstract
	Keywords
	Introduction
	Porphyromonasgingivalis(P.gingivalis)
	Adaptive immunity
	HLA and periodontitis

	Materials and methods
	P.gingivalis proteins
	HLA alleles
	In silico determination of predicted binding affinities
	Statistical analyses

	Results
	P.gingivalis proteins
	HLA alleles
	Peptides
	Overlap with other human proteins

	Discussion
	Limitations

	Abbreviations
	Supplementary materials
	Declarations
	Disclaimer
	Author contributions
	Conflicts of interest
	Ethical approval
	Consent to participate
	Consent to publication
	Availability of data and materials
	Funding
	Copyright

	Publisher’s note
	References

