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Periodontal pathogen Porphyromonas gingivalis (P. gingivalis) is believed to possess immune evasion 
capabilities, but it remains unclear whether this immune evasion is related to host gene alternative 
splicing (AS). In this study, RNA-sequencing revealed significant changes in both AS landscape 
and transcriptomic profile of macrophages following P. gingivalis infection with/without knockout 
of gingipain (a unique toxic protease of P. gingivalis). P. gingivalis infection increased the PD-L1 
transcripts expression and selectively upregulated a specific coding isoform that more effectively binds 
to PD-1 on T cells, thereby inhibiting immune function. Biological experiments also detected AS switch 
of PD-L1 in P. gingivalis-infected or gingipain-treated macrophages. AlphaFold 3 predictions indicated 
that the protein docking compatibility between PD-1 and P. gingivalis-upregulated PD-L1 isoform 
was over 80% higher than another coding isoform. These findings suggest that P. gingivalis employs 
gingipain to modulate the AS of PD-L1, facilitating immune evasion.

Keywords  Porphyromonas gingivalis, Gingipain, Macrophage, Alternative splicing, PD-L1, Immune evasion

Porphyromonas gingivalis (P. gingiavlis or Pg) is considered the primary pathogen responsible for periodontal 
disease1. P. gingivalis promotes the development of the disease by producing multiple proteolytic enzymes 
that degrade periodontal tissues2. Among these proteases, gingipains are considered major contributors to the 
proteolytic activity of P. gingivalis3. Gingipains, a family of proteases sharing similar structures, include members 
such as RgpA and RgpB, which cleave arginine residues, and Kgp, which cleaves lysine residues4. P. gingivalis 
utilizes gingipains to degrade iron-binding proteins and key extracellular matrix components, such as junctional 
adhesion molecule 1, thereby disrupting the epithelial barrier and facilitating penetration into subepithelial 
tissues to invade periodontal structures5. Additionally, gingipains cleave T cell surface proteins, including 
CD4 and CD8, as well as pro-inflammatory cytokines, such as interleukin (IL)-6, IL-8, IL-12, and interferon-
gamma. These activities disrupt the host immune response and promote immune evasion6,7. However, whether 
gingipains directly affect host gene transcription and protein translation remains unexplored.

Previously, we found that P. gingivalis infection of macrophages leads to histone leakage8. Histone modifications 
are known to affect alternative splicing (AS) of mRNA9,10. The capacity to generate various transcripts (gene 
isoforms) through AS significantly contributes to the complexity of proteome in higher vertebrates. A vast 
majority of human genes utilize alternative isoforms: around 95% of multi-exon genes exhibit evidence of 
AS, and about 60% of genes have at least one alternative transcription start site11. This splicing diversity plays 
important biological roles in organisms, including increasing protein functional diversity, regulating gene 
expression levels, and participating in processes such as cell development and tissue specialization. The changes 
in AS of the transcriptome in infected macrophages are crucial in regulating the immune response12. However, 
the role of mRNA AS in macrophages infected with P. gingivalis has not been elucidated.
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P. gingivalis has been shown to induce the upregulation of the immune checkpoint protein, programmed 
death ligand 1 (PD-L1), in periodontal tissue cells13,14. PD-L1, encoded by the CD274 gene, is the ligand for 
the co-inhibitory receptor programmed cell death protein 1 (PD-1)15. Under physiological conditions, PD-
L1 is expressed in various immune-privileged organs. Additionally, many immune-related cells express PD-
L1, especially activated T and B lymphocytes, dendritic cells, monocytes, mesenchymal stem cells, and bone 
marrow-derived mast cells. The interaction of PD-1 with PD-L1 provides immune escape for immune-privileged 
organs or tumor cells by inhibiting T cell activation and cytokine production. This leads to the attenuation of T 
cell responses by blocking proliferation, inducing apoptosis, and promoting the differentiation of regulatory T 
cells16.

AS in cancer generates neoantigens that can evade immune detection, affecting immunotherapy outcomes. 
AS in PD-L1 induces resistance to PD-L1 blockade in non-small cell lung cancer13,14. PD-L1 protein is a 
transmembrane glycoprotein with a substantial extracellular region that includes Immunoglobulin-like 
domains, a hydrophobic transmembrane domain, and a 30-amino acid cytoplasmic tail that does not have 
canonical signaling motifs17. The Immunoglobulin (Ig)-like domains can be divided into two types: one is the 
Immunoglobulin Variable (IgV)-like domain, and the other is the Immunoglobulin Constant (IgC)-like domain. 
According to the Ensembl database, two alternative coding transcripts of PD-L1 are encoded by the CD274 
gene15,18. The longer coding transcript, PD-L1 with IgV-like domain (PD-L1IgV+), contains all exons from 1 to 
7 and encodes a 290 amino acid protein (33 kDa). The second transcript, PD-L1 lacking IgV-like domain (PD-
L1IgV−), produced by AS, lacks exon 3, resulting in a shorter 160 amino acid isoform without an IgV-like domain. 
Given that the IgV-like domain is crucial for the interaction of PD-1 with PD-L1 19,20, therefore, different PD-
L1 isoforms may have different effects on inhibiting T cell function. However, the AS of PD-L1 has not been 
reported in the P. gingivalis-infected macrophages.

In this study, we explored the landscape of isoform switches in macrophages infected with P. gingivalis using 
high-throughput RNA sequencing. Our bioinformatics analysis revealed that PD-L1 plays a crucial role in 
regulating the immune response in macrophages exposed to P. gingivalis through gingipain release. We not 
only identified switches in AS and the transcriptome related to the immune response in P. gingivalis-infected 
macrophages but also validated the AS events of PD-L1 in P. gingivalis (with/ without gingipain) -infected and 
gingipain-treated macrophages through biochemical experiments. These findings suggest a novel mechanism by 
which P. gingivalis may facilitate immune evasion in chronic periodontitis.

Results
Landscape of AS events in Pg-inf macrophages with/without gingipain
To investigate whether P. gingivalis infection, with or without gingipain, induces different significant AS (Sig. 
AS) events and patterns in macrophages, human monocytic THP-1 cells were used to establish No-inf, Pg-
inf, and ΔKDP-inf models (Fig. 1A). RNA sequencing was performed on these samples, and the resulting data 
were analyzed using bioinformatics software, as mentioned in the Methods section. The landscape of gene 
comparisons, highlighting different Sig. AS events and patterns in the established infection models, is illustrated 
in Fig. 1B,C. In the pairwise comparisons of genes across the No-inf, Pg-inf, and ΔKDP-inf groups, we detected 
different AS events and variation patterns. This finding suggests that P. gingivalis infection influences the original 
AS in macrophages, with gingipains playing a significant role in this process.

AS events of PD-L1 (CD274) were identified following P. gingivalis infection through 
bioinformatics analysis
The Venn diagram illustrates the screening process for genes closely associated with gingipains from previous 
RNA sequencing data during P. gingivalis infection (Fig. 2A). The overlapping section of Set 1 and Set 2 revealed 
that AS events in 32 genes were associated with gingipains, while Set 3 further identified that AS events in 26 of 
these 32 genes occurred specifically during the infection process. In the functional enrichment analysis of these 
26 overlapping genes, “GO:0050870_positive regulation of T cell activation” was found in the top 20 categories 
(Fig. 2B). PD-L1 (CD274), as the most significantly upregulated gene, was enriched in this category (Fig. 2C).

To further investigate the specific AS events of PD-L1 after P. gingivalis infection, we conducted isoform 
switch analysis in “No-inf versus Pg-inf ” (Fig. 2D–F). In this analysis, two types of PD-L1 coding isoforms, PD-
L1IgV− and PD-L1IgV+ were identified (Fig. 2D). P. gingivalis infection resulted in an increase (p < 0.001) in PD-L1 
gene expression (Fig. 2E) based on the Transcripts Per Million value. However, the isoform usage of PD-L1IgV− 
decreased (p < 0.05) after P. gingivalis infection (Fig. 2F). AS events and patterns of PD-L1 can also be identified 
in the “Pg-inf versus No-inf ” comparison (Fig. 1B–C) and the predicted relationship between two PD-L1 coding 
isoforms is shown in Fig. 2G. Therefore, we predict that P. gingivalis infection not only upregulated macrophage 
gene expression of PD-L1 but also specifically upregulated the PD-L1IgV+ isoform.

Gingipain-expressing P. gingivalis infection preferentially enhanced the expression of PD-
L1IgV+ in macrophages
To evaluate the effects of gingipain on PD-L1 protein expression in macrophages, Western blot analysis was 
performed to assess the PD-L1 protein levels in macrophages under previously described infection conditions 
(Fig. 1A). The results and grayscale analysis of the Western blot analysis is shown in Fig. 3A–B. Compared to No-
inf, Pg-inf significantly upregulated the expression of PD-L1 in macrophages (p < 0.01). There was no statistically 
significant difference in PD-L1 protein expression between ΔKDP-inf and No-inf (p = 0.4355). Furthermore, 
PD-L1 protein expression was significantly decreased in ΔKDP-inf compared to Pg-inf (p < 0.01). These findings 
suggest that P. gingivalis infection enhances PD-L1 expression in macrophage in a gingipain-dependent manner.

Because the PD-L1 antibody recognizes all isoforms of PD-L1 proteins, we performed RT-PCR and RT-
qPCR to investigate the AS of PD-L1. We designed a primer spanning Exon 3 (IgV-like domain) and Exon 4 
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(IgC-like domain) of PD-L1IgV+ isoform (right panel of Fig. 4C). The RT-PCR products of total RNA from No-
inf macrophages using this primer are shown in the left panel of Fig. 4C. Three distinct bands were detected, 
corresponding to the locations of the three reported PD-L1 isoforms in Ensembl. These bands represent CD274-
202, PD-L1IgV+ isoform (805 bp); CD274-205, Non-coding isoform (632 bp); and CD274-201, PD-L1IgV− isoform 
(463 bp). These results indicate that multiple isoforms are present in normal macrophages.

To further investigate the AS of PD-L1 in Pg-inf and ΔKDP-inf macrophages, we designed specific primers 
targeting the PD-L1IgV− and PD-L1IgV+ isoforms for RT-qPCR analysis. The results revealed that the expression 
of PD-L1IgV− showed a modest increase in Pg-inf compared to No-inf (p < 0.05), while no significant difference 
was observed between Pg-inf and ΔKDP-inf (p = 0.7990) (Fig.  4D). In contrast, PD-L1IgV+ was significantly 
upregulated in Pg-inf compared to both No-inf (p < 0.0001) and ΔKDP-inf (p < 0.0001), with no significant 

Fig. 1.  Landscape of AS events in No-inf, Pg-inf, ΔKDP-inf macrophages. (A) Workflow for establishing of 
No-inf, Pg-inf, and ΔKDP-inf macrophages. (B) Volcano plots show differential AS events in the comparisons 
“Pg-inf versus No-inf ”, “ΔKDP-inf versus No-inf ”, and “Pg-inf versus ΔKDP-inf ”. Sig. AS events (FDR < 0.05 
and |log2Fold Change| > 1) were identified based on differences in isoform fraction (dIF). PD-L1-related AS 
events can be identified in “Pg-inf versus No-inf ” with dIF = − 1, −Log10(Isoform switch Q value) = 1.869. (C) 
Differential AS patterns are displayed for the same comparisons in No-inf, Pg-inf, and ΔKDP-inf macrophages. 
The size of each dot represents the number of associated genes, with significant changes defined as FDR < 0.05. 
The AS patterns of PD-L1 can be identified in “Domain loss (Paired with domain gain)” and “Exon loss (Paired 
with exon gain)”.  Both (B) and (C) were analyzed by IsoformSwitchAnalyzeR software.
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difference between No-inf and ΔKDP-inf (p = 0.5581) (Fig. 4E). These findings indicate that Gingipain-expressing 
P. gingivalis infection specifically drives the expression of the PD-L1IgV+ isoform. We also compared the relative 
expression levels of PD-L1IgV− and PD-L1IgV+ isoforms within each group (No-inf, Pg-inf, and ΔKDP-inf 
macrophages) using 2−ΔCt (Fig. S1A). In the Pg-inf macrophages, the relative expression level of PD-L1IgV+ was 
higher than that of PD-L1IgV− (p < 0.0001). The exon-inclusion ratio, also known as percent spliced in, is a widely 
used metric for quantifying AS events21. To examine the modulation of PD-L1 AS by gingipain, we utilized 
the data from Fig. S1A to calculate the PSI within No-inf, Pg-inf, and ΔKDP-inf macrophages (Fig. 4F). Our 
analysis revealed that PD-L1IgV+ accounted for 95% of the total coding sequence in Pg-inf macrophages. In No-
inf macrophages, PD-L1IgV+ usage was 79%, while in ΔKDP-inf macrophages, the usage dropped to 69%. These 
findings suggest that infection with Gingipain-expressing P. gingivalis modulates the AS of PD-L1, favoring the 
expression of PD-L1IgV+ isoform, consistent with our previous RNA sequencing findings.
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Recombinant gingipain, RgpA, RgpB and kgp independently upregulated PD-L1IgV+ isoform 
in macrophages
Studies have shown that gingipain knockout weakens P. gingivalis activity, reducing its viability22. To determine 
whether the recovery of PD-L1IgV+ expression in ΔKDP-inf macrophages results from reduced bacterial activity 
due to gingipain knockout or is directly dependent on gingipain, we treated macrophages with recombinant 
gingipains (RgpA, RgpB and Kgp) (Fig. 4A). The results showed that, except for RgpA-treated macrophages, 
which exhibited no significant upregulation of either PD-L1 isoform (RgpA, IgV-: p = 0.7980; IgV+: p = 0.0645), 
both RgpB and Kgp-treated macrophages significantly upregulated the relative expression of PD-L1IgV− (RgpB, 
IgV-: p < 0.01; Kgp, IgV-: p < 0.01). However, the upregulation of PD-L1IgV+ was much more pronounced (RgpB, 
IgV+: p < 0.001; Kgp, IgV+: p < 0.001) (Fig. 4B–C). We also compared the relative expression levels of PD-L1IgV− 
and PD-L1IgV+ isoforms within each group (Untreated, RgpA, RgpB and Kgp-treated macrophages) using 
2−ΔCt (Fig. S1B). Except for untreated macrophages, where no significant difference was observed between the 
expression of PD-L1IgV+ and PD-L1IgV− isoforms (p = 0.1969), all three types of gingipain-treated macrophages 
exhibited significantly higher expression of the PD-L1IgV+ isoform compared to the PD-L1IgV− isoform (RgpA, 
p < 0.01; RgpB, p < 0.001; Kgp, p < 0.001). Subsequent PSI calculations based on the results of Fig. S1B also showed 
that the proportions of PD-L1IgV− and PD-L1IgV+ isoforms were significantly altered in all three gingipain-treated 
groups compared to the untreated group (RgpA, p < 0.005; RgpB, p < 0.005; Kgp, p < 0.005) (Fig.  4D). These 
results indicate that gingipain treatment not only upregulates the overall PD-L1 expression in macrophages but 
also selectively increases the proportion of the PD-L1IgV+ isoform by modulating AS. This further indicates that 
the upregulation of PD-L1 and the alteration in its AS induced by P. gingivalis infection in macrophages occur 
in a gingipain-dependent manner.

AlphaFold 3 predictive modeling shows increased binding of PD-L1IgV+ to PD-1 compared to 
PD-L1IgV-

Since no crystal structure of the human PD-L1IgV−-PD-1 complex has been reported in the RCSB PDB database 
(http://www.rcsb.org), and the available crystal structure of the PD-L1IgV+-PD-1 complex includes only the ​I​g​V​-​l​
i​k​e domain, we utilized AlphaFold 3 to predict the binding interactions of PD-L1IgV+ and PD-L1IgV− with PD-1. 
First, we retrieved the reported the crystal structures of human PD-L1 and PD-1 from the RCSB PDB database 
and generated AlphaFold 3 models (as described in method section). We compared the predicted models with 
the RCSB PDB structures using PyMOL (Fig. 5A–B) and found RMSD values of 1.344 for PD-L1 and 0.403 for 
PD-1 when comparing AlphaFold 3 predictions to the RCSB PDB structures. Additionally, we used AlphaFold 
3 to predict a protein structure model based on the sequence corresponding to the PDB entry 3BIK (human 
PD-L1_mouse PD-1) from the RCSB PDB database. The comparison between the predicted structure and the 
original 3BIK protein structure showed high similarity (RMSD = 1.718) (Fig. S2). These results indicate that the 
AlphaFold 3-predicted structures of PD-L1 and PD-1, as well as their docking complex, closely resemble the 
reported RCSB PDB structures (RMSD < 2)23,24.

Subsequently, we used AlphaFold 3 to predict the PD-L1IgV+-PD-1 and PD-L1IgV−-PD-1 complexes (Fig. 5C) 
and performed a comparative assessment. The Chain_pair_inter-chain predicted TM-score (iptm) refers to 
the accuracy of predicted interactions between protein chains, with higher scores indicating more reliable 
predictions, commonly used in AlphaFold-Multimer analysis25. We found that the chain_pair_iptm of PD-
L1IgV+-PD-1 was higher (p < 0.0001) than PD-L1IgV−-PD-1 (Fig. 5D). This suggests that PD-L1IgV+ binds to PD-1 
more effectively than PD-L1IgV−. Additionally, this difference in binding is supported by the hydrogen bonds 
formed between the amino acid residues of the two PD-L1 isoforms and PD-1 (Fig. 5E–F). PD-L1IgV+ forms 18 
hydrogen bonds with PD-1, while PD-L1IgV− forms only 10 hydrogen bonds with PD-1. These results further 
confirm that, during P. gingivalis infection, the selective upregulation of PD-L1IgV+ by gingipain facilitates more 
effective binding to PD-1.

Discussion
The present study provides evidence that gingipain is involved in AS of PD-L1, an inhibitory immune checkpoint 
protein, during P. gingivalis infection of macrophages. PD-L1, as a well-known transmembrane protein, has been 
extensively studied in the field of cancer due to its ability to suppress immune responses26–28. Some studies have 
shown that infection with P. gingivalis upregulates the expression of PD-L1 in host cells, thereby exacerbating 
cancer progression29–31. In this study, we also found upregulation of PD-L1 in Pg-inf macrophages (Fig. 3A–B). 

Fig. 2.  PD-L1 targeted by isoform switch following P. gingivalis infection. (A) 26 genes were identified 
as highly relevant to gingipain during P. gingivalis infection of macrophages, based on whether they were 
classified as DEGs (p < 0.05 and dIF > 0.05) and/or Sig. AS events with dIF value (FDR < 0.05 and |log2Fold 
Change| > 1) across Set 1, Set 2, and Set 3. (B) The functional enrichment analysis dot plot shows the top 
20 related GO Biological Process (BP) terms associated with 26 selected genes in (A). Dot size represents 
the number of associated genes (Count), and p.adjust < 0.05. (C) The Netplot illustrates the relationships 
between the 26 selected genes in (A) and the top 20 GOBP categories in (B). (D) Four isoforms of PD-L1 
were identified in the “Pg-inf versus No-inf ” comparison. (E) PD-L1 gene expression of with or without P. 
gingivalis infection is shown based on the gene transcripts per million (TPM) values analyzed by DEseq2. (F) 
The isoform usage of PD-L1 under the same condition with (E) was analyzed using DEXSeq software. (G) 
Prediction of PD-L1 AS patterns in macrophages infected with P. gingivalis. DEGs were detected by DESeq2 
software; Differential exon usage (DEU) was detected by DEXSeq software; Analysis of isoform switches was 
performed by IsoformSwitchAnalyzeR software. *FDR < 0.05, ****FDR < 0.0001.
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We further showed that P. gingivalis not only upregulates the overall expression of PD-L1 through gingipain 
but also regulates the AS of PD-L1, selectively increasing the PD-L1IgV+ isoform (Figs.  3D–F and 4B–D). 
Evidence indicates that the IgV-like domain of PD-L1 is the primary region responsible for binding to PD-
1, and this interaction has been demonstrated through various biochemical experiments, including structural 
studies32,33, binding assays34, and the use of inhibitors or antibodies targeting the IgV-like domain35–37. We also 
used AlphaFold 3 to predict that the deletion of the IgV-like domain would lead to a significant decrease in the 
interacting protein docking (Fig. 5D). This suggests that P. gingivalis can utilize gingipain to influence the AS of 
PD-L1 in macrophages. By increasing the expression of the IgV-like domain, it enhances the interaction between 
PD-L1 and PD-1, leading to T cell suppression. This mechanism allows gingipain to promote immune evasion, 
supporting its survival (Fig. 6).
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Macrophages undergo numerous AS changes during their differentiation and activation in vitro, influencing 
their roles in detection, phagocytosis, and cytokine secretion38. The occurrence of these AS events is mainly 
attributed to two factors. First, host cells produce splice variants to inhibit the invasion and replication of 
microbes39,40. Second, microbial infections result in the production of aberrant isoforms of antiviral genes to 
facilitate the invasion and replication of pathogens41. Through comparative analysis from sequence results of 
No-inf, Pg-inf, and ΔKDP-inf, we had observed a lot of Sig. AS events in macrophages that following infection 
(Fig. 1B). These AS events were categorized into 18 patterns based on the different kinds of isoform switches 
(Fig. 1C), which can be further classified into four major categories: (1) Isoform switching events that remain 
unchanged during infection, including “IDR with binding region loss or gain”; (2) Isoform switching events that 
change during infection but are unrelated to gingipain, including “3’UTR is shorter or longer”, “Complete ORF 
loss or gain”, “IDR loss or gain”, “Length loss or gain”, and “Signal peptide loss or gain”; (3) Isoform switching 
events that change during infection and are directly influenced by gingipain, including “Domain loss or gain”, 
“Exon loss or gain”, “IDR length loss or gain”, “Transcript is noncoding or coding”, and “TSS more upstream 
or downstream”; (4) Isoform switching events that occur only in the absence of gingipain during infection, or 
in other words, gingipain can inhibit the occurrence of these isoform switching events, including “5’UTR is 
shorter or longer”, “Domain length loss or gain”, “Intron retention (IR) loss or gain”, “Last exon more upstream 
or downstream”, “NMD sensitive or insensitive”, and “TTS more upstream or downstream”.

Hereafter, we focused on the latter two categories of AS changes related to gingipain. In the category of AS 
regulated by gingipain, we found that gingipain influences AS in macrophages by affecting exon inclusion or 
exclusion in transcripts and even causing the gain or loss of entire protein domains. These changes may directly 
impact immune cell function. For example, the integrity of the IFNα/β receptor protein structure is closely 
related to many human immune-related diseases42; the loss of certain N-terminal domains of short FOXP1 
(FOXP1S) affects its interaction with downstream proteins or molecules, thereby influencing B cell maturation 
and function43; the generation of NIRP3 isoforms lacking exon 5 leads to a loss of interaction with NIMA related 
Kinase 7 (NEK7) and its activity, which in turn affects the innate immune response in vertebrates44. Similarly, in 
our study, we found that the loss of the IgV-like domain of PD-L1 due to P. gingivalis infection, which affects its 
efficiency in binding to PD-1, also falls into this category (Fig. 1C).

Additionally, we found gingipain also regulated AS in macrophages by increasing or decreasing the number 
of translatable transcripts, which also impacts the function of immune cells. For example, after Mycobacterium 
tuberculosis (Mtb) infection in macrophages, the number of non-translatable isoforms increases, which correlates 
with the reduction in many cellular protein levels and affects macrophage maturation45. Meanwhile, we found 
that gingipain can inhibit certain AS events in macrophages, which are closely related to immune cell functions 
during inflammation. For instance, under stimulation by the inflammatory cytokine LPS, human Interferon 
regulatory factor-5 (IRF-5) transcribes five types of longer 5’UTR, which are involved in subsequent normal 
inflammation46; the Nonsense-mediated mRNA decay (NMD) mechanism plays a crucial role in degrading 
abnormal immunoglobulin and T Cell Receptor (TCR) transcripts in lymphocytes47; the dynamic balance of 
splicing factors and the level of IR are closely related to B cell differentiation48. However, these AS changes, which 
are essential during inflammation, may potentially be inhibited by gingipain.

The elevation of surface PD-L1 protein expression by P. gingivalis via gingipain has previously been confirmed 
in dendritic cells31. Both macrophages and dendritic cells are capable of presenting antigens to T cells, though 
macrophages possess stronger phagocytic abilities. Typically, monocytes, which differentiate into macrophages 
at infection sites, use macropinocytosis to ingest nutrients, pathogens, soluble antigens, and large extracellular 
molecules49. However, P. gingivalis can survive for extended periods after being phagocytosed by macrophages50. 
Our previous work demonstrated the presence of live P. gingivalis within macrophages 24 to 48 h post-infection8, 
suggesting that phagocytosed P. gingivalis can persist and influence intracellular biochemical processes, such as 
DNA replication, RNA transcription, and protein translation or modification.

P. gingivalis is a major pathogen of periodontitis51, which has been linked to various systemic conditions such 
as diabetes mellitus52,53, rheumatoid arthritis54, and Alzheimer’s disease55. The dissemination of P. gingivalis 

Fig. 3.  Infection of macrophages by gingipain-expressing P. gingivalis upregulated PD-L1 containing the IgV-
like domain. (A) Western blot analysis showing the expression levels of PD-L1 and β-actin in macrophages 
infected with P. gingivalis or its gingipain-deficient mutant (ΔKDP). Proteins were extracted from macrophages 
and resolved on 10% SDS-PAGE gels (4 µg of protein per lane). The proteins were transferred to PVDF 
membranes and probed with specific antibodies against PD-L1 and β-actin. The same set of samples was 
analyzed in two separate experiments to ensure consistency. (B) Densitometric analysis of PD-L1 expression 
normalized to β-actin. The graph represents the mean ± SD of three independent biological replicates. 
Statistical analysis was performed using one-way ANOVA with Tukey’s test. (C) RT-PCR products showing 
the exon structures of PD-L1 isoforms. Lane 1: 100 bp DNA ladder. Lane 2: RT-PCR product from total RNA 
of No-inf macrophages. To the right, exon structures of PD-L1IgV− isoform (805 bp), non-coding isoform 
(632 bp), and PD-L1IgV+ isoform (483 bp) are shown. The forward and reverse primers used for amplification 
are indicated. (D–E) RT-qPCR analysis of PD-L1 RNA expression levels (normalized to β-actin) in No-inf, 
Pg-inf, and ΔKDP-inf macrophages. (F) Percent spliced in (PSI) analysis of PD-L1 isoforms in No-inf, Pg-inf, 
and ΔKDP-inf macrophages based on the result in Fig. S1B. Statistical analysis was performed using one-
way ANOVA for (B, D–E) and two-way ANOVA for (F). Data in (B) are presented as mean ± SD from three 
independent biological replicates. Data in (D–F) are presented as mean ± SD from five independent biological 
replicates. Significant differences are indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001. The 
p-values for non-significant differences are displayed separately.
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to various systemic organs is facilitated by its secretion of outer membrane vesicles (OMVs)56,57, which carry 
various virulent factors throughout the body via blood circulation58,59. Gingipains help Pg evade the immune 
system by degrading junctional adhesion molecule (JAM1) on gingival epithelial cells, disrupting the epithelial 
barrier5, and degrading key innate immune components such as defensins and complement proteins59–61. In this 
study, by analyzing changes in AS of certain genes in macrophages after P. gingivalis infection, we identified a 
subset of genes associated with gingipains. Among these genes, we found a significant increase in the functional 
isoform of PD-L1, which is closely related to the inhibition of T cell function. This provides a theoretical basis 
for gingipains affecting the host’s adaptive immunity by inhibiting T cell activation helping P. gingivalis achieve 
immune evasion.

The mechanism by which gingipain, a unique toxic protease from P. gingivalis, participates in the nucleic 
acid-driven process remains unclear. AS, a process transitioning pre-mRNA to mature mRNA, requires 
the participation of multiple proteins, either directly or indirectly. Central to this process are small nuclear 
ribonucleoproteins (snRNPs), which form essential components of the spliceosome62. Additionally, RNA-
binding proteins (RBPs) indirectly regulate AS63. Although our sequencing data did not show significant changes 

Fig. 4.  Recombinant gingipain upregulated PD-L1 isoform containing the IgV-like domain in macrophages. 
(A) Workflow for establishing of Untreated, RgpA-treated, RgpB-treated and Kgp-treated macrophages. 
(B–C) RT-qPCR analysis of PD-L1 RNA expression levels (normalized to β-actin) in Untreated, RgpA-treated, 
RgpB-treated and Kgp-treated macrophages with 5 µg/mL in PBS for 4 h. (D) Percent spliced in (PSI) analysis 
of PD-L1 isoforms in Untreated, RgpA-treated, RgpB-treated and Kgp-treated macrophages 5 µg/mL in PBS 
for 4 h based on the result in Fig. S1B. Statistical analysis was performed using one-way ANOVA for (B–C) 
and two-way ANOVA for (D).  Data in (B-D) are presented as mean ± SD from three independent biological 
replicates. Significant differences are indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001. The 
p-values for non-significant differences are displayed separately.
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in snRNP expression in macrophages following P. gingivalis infection, we observed a marked reduction in the 
expression of RNA Binding Protein with Multiple Splicing (RBPMS), as shown in our sequencing results ​(​​​h​t​t​
p​s​:​/​/​d​3​d​c​a​z​4​r​v​8​j​g​b​4​.​c​l​o​u​d​f​r​o​n​t​.​n​e​t​/​​​​​)​. In Pg-inf macrophages, RBPMS expression dropped to 11.2% of that in 
No-inf macrophages and 17.6% of that in ΔKDP-infected macrophages. This suggests that P. gingivalis infection 
may lead to a decrease in RBPMS in macrophages, and this phenomenon may be related to gingipain. Previous 
studies have demonstrated that RBPMS is closely linked to exon skipping during AS64–66. This aligns with our 
observation that P. gingivalis infection leads to a decrease in the exon 3 (IgV-like domain) skipping during 
the AS of PD-L1. However, the relationship between gingipain and RBPMS still requires further validation. 
Additionally, whether the decrease in RBPMS is related to the increase in the IgV-like domain of PD-L1 also 
needs to be further investigated.

Overall, this study demonstrated that gingipains selectively increase the expression of PD-L1IgV+ in 
macrophages by regulating the AS during P. gingivalis infection, providing a potential mechanism for immune 
evasion by P. gingivalis in the host. These findings could be important for understanding the mechanisms of P. 
gingivalis immune evasion and may be beneficial for establishing pharmacological therapies for the infection of 
P. gingivalis.

Methods
Bacterial culture
Normal (strain ATCC33277) and P. gingivalis with all three gingipains (RgpA, RgpB, and Kgp) knocked out 
(strain ΔKDP) (Nagasaki University, Japan)67 were cultured anaerobically at 37  °C in Brain Heart Infusion 
medium (237500, Becton Dickinson, USA) supplemented with 1 mg/mL L-Cysteine (033-20655, Wako, Japan), 
10  µg/mL hemin (5180-1G, Sigma-Aldrich, Japan), 1  µg/mL 2-methyl-1,4-naphthoquinone (vitamin K3) 
(M9A1503, Nacalai Tesque, Japan).

Cell culture
The THP-1 human monocytic cell line purchased from RIKEN Cell Bank RCB 1189 Tsukuba TOHOKU was 
seeded at a concentration of 30,000 cells/mL and cultured in RPMI 1640 supplemented with 10% FBS at 37 °C 
in 5% CO2.

Bacterial infection
At 24  h post-seeding, THP-1 cells were differentiated into macrophages by treatment with 100 nM phorbol 
myristate acetate for 48  h. The differentiated THP-1 cells were then exposed to P. gingivalis (MOI = 100) or 
ΔKDP (MOI = 100) for 4 h in RPMI 1640 supplemented with 10% FBS. After incubation, unbound P. gingivalis 
and ΔKDP were removed by washing with PBS. The Pg-infected and ΔKDP-infected macrophages were 
then incubated for 48  h in RPMI 1640 containing 10% FBS and 1% penicillin/streptomycin. The harvested 
macrophages were subsequently used for RNA and protein extraction.

Gingipain treatment
At 24  h post-seeding, THP-1 cells were differentiated into macrophages by treatment with 100 nM phorbol 
myristate acetate for 48  h. The differentiated THP-1 cells were then treated separately with recombinant 
gingipains from P. gingivalis (RgpA, #CSB-EP338957PQP, CUSABIO TECHNOLOGY, Wuhan, China; RgpB, 
#CSB-EP310587EYA(A4), CUSABIO TECHNOLOGY, Wuhan, China; Kgp, #CSB-EP464342EXZ, CUSABIO 
TECHNOLOGY, Wuhan, China) at a concentration of 5 µg/mL, diluted in PBS, and incubated for 4 h in RPMI 
1640 medium. Following treatment, macrophages were washed with PBS and harvested for RNA extraction.

Libraries preparation and sequencing
RNA extraction from each sample was performed using the RNeasy Mini Kit (QIAGEN). The concentration 
of the obtained total RNA was measured using NanoDrop ONE, resulting in total yields of 11.3 µg for No-inf, 
4.4 µg for Pg-inf, and 4.5 µg for ΔKDP-inf. Total RNA (50 ng) was subjected to poly(A) RNA extraction and 
fragmentation using the NEBNext Poly(A) mRNA Magnetic Isolation Module (NEB) and the NEBNext Ultra 
II RNA Library Prep Kit for Illumina (NEB), following the protocol outlined in the NEBNext Ultra II RNA 
Library Prep Kit for Illumina Instruction Manual. Fragmentation was achieved by adding NEBNext First Strand 
Synthesis Reaction Buffer and NEBNext Random Primers to the NEBNext Ultra II RNA Library Prep Kit for 
Illumina (NEB), followed by incubation at 94 °C for 15 min. The fragmented poly(A) RNA was subjected to 
reverse transcription using the NEBNext First Strand Synthesis Enzyme Mix from the NEBNext Ultra II RNA 
Library Prep Kit for Illumina (NEB), followed by the addition of NEBNext Adaptor (NEB) to generate cDNA. 
The prepared cDNA was amplified by PCR to generate libraries. To identify the samples, barcode sequences 
No-inf (10  µg/uL), Pg-inf (15.2  µg/uL) and ΔKDP-inf (10.3  µg/uL) were added using NEBNext Multiplex 
Oligos for Illumina. Furthermore, analysis was conducted using the Bioanalyzer to confirm the distribution of 
library lengths. The analysis results indicated that libraries of the desired lengths were prepared, and sufficient 
concentration and purity were observed, thus proceeding with next-generation sequencing analysis.

Bioinformatic analysis of bulk RNA-seq data
After quality trimming with Trim Galore v0.6.10, the reads were aligned to the GRCm38.108 reference genome 
(Ensembl Release 108) using the STAR aligner v2.7.10b. De novo transcript assembly and annotation were 
performed using StringTie v2.2.1 and SQANTI3 v5.0. Transcript-level quantification was performed for all 
samples using Salmon v1.9.0, followed by further quality filtering with isoformSwitchAnalyzeR v1.17.05, based 
on Salmon’s mapping results.
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Differentially expressed genes were identified using DESeq2 v1.31.16, with DEGs defined by a False 
Discovery Rate < 0.05 and |log2Fold Change| > 1. The core default statistical method was the Wald test. The 
p-values obtained are corrected using the Benjamini-Hochberg method to control the FDR in the context of 
multiple testing.

Significant differential exon usage was detected by DEXSeq v1.44.0 within the IsoformSwitchAnalyzeR 
v1.17.05. In the analysis of RNA-seq data, DEU was determined by DEXSeq through the comparison of full 
and reduced models via the Likelihood Ratio Test. The p-values obtained are corrected using the Benjamini-
Hochberg method to control the FDR in the context of multiple testing.

Additionally, Gene Ontology (GO) enrichment analysis was performed using clusterProfiler v4.6.0.ss.
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SDS-PAGE and Western blot analysis
The No-inf, Pg-inf, and ΔKDP-inf macrophage cells were harvested into lysis buffer, subjected to SDS-PAGE, 
and then transferred onto PVDF membranes (Merck, Darmstadt, Germany). Primary antibodies included a 
PD-L1 mouse monoclonal antibody (1:500, 405.9A11, Cell Signaling Technology, USA) and β-actin (1:1000, 
3700 S, Cell Signaling Technology, USA). Following incubation with primary antibodies overnight, membranes 
were washed with TBST for 30 min at room temperature and subsequently incubated with an anti-mouse IgG 
HRP-linked secondary antibody (1:10000, #7076, Cell Signaling Technology) for 45 min at room temperature. 
Finally, signals were detected using Western Blot Chemiluminescence HRP Substrate (WBLUF0100; Millipore, 
Burlington, MA, USA). Densitometric analysis of the bands was performed using ImageJ (National Institutes of 
Health, Bethesda, MD, USA).

Reverse transcription polymerase chain reaction (RT-PCR)
RNA was extracted using Trizol reagent (Invitrogen). The PrimeScript Reverse Transcription kit (Takara) was 
used for reverse transcription of the total RNA. In the 10 µL reverse transcription system, 2 µL of RNA at a 
concentration of 500 ng/µL was used (total 1 µg), resulting in a final cDNA concentration of 100 ng/µL. The 
cDNA served as a template for RT-PCR using GoTaq® Green Master Mix (LOT 0000471784, Promega, USA). For 
amplification of PD-L1, RT-PCR was performed using 200 ng template cDNA with an initial denaturation for 2 
min at 95 °C, followed by 40 cycles of 95 °C for 30 s, 60 °C for 30 s, 72 °C for 1 min, and a final extension for 10 
min at 72 °C. The primers for different lengths of PD-L1 isoforms are as follows: PD-L1-forward, 5’- CCT ACT 
GGC ATT TGC TGA ACG − 3’; PD-L1-reverse, 5’- GAG TTT GTA TCT TGG ATG CCA CAT T-3’. All primers 
were designed by NIH Primer-BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-blast/).

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)
cDNA products were the same with previous RT-PCR method. The resulting cDNA products were diluted two-
fold with pure water, and 2 µL of the diluted cDNA (total 100 ng) was used as a template for quantifying the 
relative RNA content via RT-qPCR using Luna Universal qPCR Master Mix (#M3003E, New England Biolabs 
Inc., MA). Relative levels of PCR products were determined using a LightCycler System (Roche Diagnostics, 
Mannheim, Germany), with the threshold cycle (Ct) automatically determined using default settings on the 
LightCycler 96 software (version 1.1; Roche Diagnostics, Mannheim, Germany). The primers for each target 
isoform were as follows: β-actin-forward, 5’-TGG CAC CCA GCA CAA TGA A-3’; β-actin-reverse, 5’-CTA 
AGT CAT AGT CCG CCT AGA AG C-3’; PD-L1IgV−-forward, 5’-TTT GCT GAA CGC CCC ATA CA-3’ or 
5’-TTG CTG AAC GCC CCA TAC AA-3’; PD-L1IgV−-reverse, 5’-TGC TTG TCC AGA TGA CTT CGG-3’; PD-
L1IgV+-forward, 5’-TAC TGT CAC GGT TCC CAA GGA-3’; PD-L1IgV+-reverse, 5’-TGA TTC TCA GTG TGC 
TGG TCA-3’. All primers were designed as before in RT-PCR methods section. Differences in gene expression 
levels were calculated using the 2−ΔCt and 2−ΔΔCt methods after normalization of target gene expression levels 
within each sample against the expression levels of the reference gene (β-actin).

AlphaFold 3 prediction
We used the protein prediction software AlphaFold 3 to predict the protein complexes formed by PD-L1IgV− and 
PD-L1IgV+ with PD-1, respectively. Specifically, we used the AlphaFold 3 server (https://alphafoldserver.com/)68 
and input the sequences for human PD-L1IgV−/IgV+ and PD-1 from the RCSB PDB database ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​r​c​s​b​.​
o​r​g​​​​​) as follows: IgV-like domain is from 4ZQK (AA18-132); PD-L1IgV− is from 3BIK (AA133-229); PD-L1IgV+ 
is from 3BIK (AA18-229); and PD-1 is from 3RRQ (AA31-149). The accuracy of the AlphaFold 3 model was 
evaluated by Root Mean Square Deviation (RMSD) values between the protein structures predicted by AlphaFold 
3 and the structures downloaded from the RCSB PDB database69. By analyzing the chain_pair_iptm scores 
of the 15 PD-L1 and PD-1 complexes generated from three independent AlphaFold 3 predictions (5 models 
per prediction), we evaluated the confidence of the predicted protein-protein interfaces. All modifications and 
comparisons of the protein structures in this study were performed using PyMOL (3.0.3). Hydrogen bonds 
formed in protein docking were predicted using the PDBePISA tool from EMBL-EBI ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​e​b​i​.​a​c​.​u​k​/​p​
d​b​e​/​p​i​s​a​/​​​​​)​.​​

Statistical analysis
Western blot density analysis in Fig. 3B and RT-qPCR 2−ΔΔCt values in Fig. 4B–C were analyzed by ordinary one-
way analysis of variance with Tukey’s multiple comparisons test. RT-qPCR 2−ΔCt values in Fig. S3 were analyzed 

Fig. 5.  Comparison of PD-L1IgV+ and PD-L1IgV- binding to PD-1 based on Alphafold 3 prediction, showing 
enhanced binding of PD-L1IgV+. (A) The aligned model of PD-L1 protein structure RCSB PDB database 
(green) and corresponding AlphaFold predicted protein structure (blue) is shown. RMSD = 1.34. The yellow-
highlighted regions within PD-L1 protein structure predicted by AlphaFold 3 indicate parts with less than a 2 
Å deviation compared to the PD-L1 protein structure from the RCSB PDB database. (B) The align model of 
PD-1 protein structure from PDB database (red) and corresponding AlphaFold predicting protein structure 
(orange) is shown. RMSD = 0.403. The yellow-highlighted regions within PD-1 protein structure predicted 
by AlphaFold 3 indicate the parts with less than 2 Å deviation compared to the PD-1 protein structure from 
the PDB database. (C) AlphaFold 3 predicted model of PD-L1IgV+-PD-1 (Left) and PD-L1IgV−-PD-1. (D) The 
chain_pair_iptm of AlphaFold 3 predicted models of PD-L1IgV+-PD-1 (n = 15) and PD-L1IgV−-PD-1 (n = 15). 
(E) Zoomed-in cartoon view of the PD-L1IgV+- PD-1 interface with Hydrogen bonds (green). (F) Zoomed-in 
cartoon view of the PD-L1IgV−- PD-1 interface with Hydrogen bonds (green).  ****p < 0.001.
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by two-way ANOVA with Tukey’s multiple comparisons test. Percent spliced in (PSI) in Fig. 4D was analyzed 
by two-way ANOVA with Šídák’s multiple comparisons test. Chain_pair_iptm values in Fig. 5D were analyzed 
by unpaired t test. In all the above statistical analyses, comparisons were performed using GraphPad Prism 9 for 
Mac. Significance was considered as follows: *p < 0.05; **p < 0.01; ***p < 0.005; ***p < 0.001.

Fig. 6.  Mechanism of PD-L1 AS in macrophages modulated by gingipains derived from P. gingivalis.  P. 
gingivalis infection and gingipain release influence PD-L1 AS in macrophages. The PD-L1IgV+ isoform, 
primarily upregulated by P. gingivalis, retains both IgV and IgC-like domains, which allowing it to bind to 
PD-1 on T cells and suppressing immune responses.
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Data availability
The sequencing data generated during this study are available in the NCBI BioProject repository under the ac-
cession number PRJNA1163056. The associated metadata can be accessed via the following link: ​h​t​t​​​​p​s​:​/​​/​d​​a​​t​a​​v​​i​
e​w​​.​n​c​b​​i​.​​n​l​m​.​​n​i​h​.​g​o​v​/​o​b​j​e​c​t​/​P​R​J​N​A​1​1​6​3​0​5​6​?​r​e​v​i​e​w​e​r​=​c​l​c​r​i​7​9​f​3​d​n​6​h​4​o​i​c​c​0​g​5​l​h​l​s​i . The data analysis results for 
this study are presented at the following link: https://d3dcaz4rv8jgb4.cloudfront.net/.
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