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Introduction

Chlamydia psittaci (C. psittaci), a zoonotic intracellular Gram-negative bacterium, is responsible for human infections presenting as flu-like fever and community-acquired pneumonia. Previous studies have implicated polymorphic membrane (Pmp) G in tissue tropism and induction of immune responses. However, the mechanisms by which Pmp19G promotes C. psittaci infection and immune evasion—especially via macrophage subversion remain poorly understood.





Methods and Results

This study demonstrates that both C. psittaci and recombinant C. psittaci-specific Pmp19G protein activated autophagy in macrophages. This activation was characterized by increased autophagosome formation, conversion of LC3-I to LC3-II, and accumulation of p62/SQSTM1, while lysosomal associated membrane protein 1 (LAMP1), a late autophagy biomarker, remained unaffected. Utilizing pull-down assays coupled with co-immunoprecipitation, we identified the NOD1 receptor as an interactor with the N-terminal domain of Pmp19G. Subsequent analysis confirmed activation of the NOD1-ATG16L1 signaling pathway. NOD1 knockout or knockdown significantly impaired Pmp19G-mediated autophagic flux. Furthermore, treatment with Pmp19G enhanced the recruitment of RAB7 during the late stages of autophagy.





Discussion

Our findings indicate that Pmp19G regulates macrophage autophagy through distinct mechanisms in early and late phases: activation of the NOD1-ATG16L1 signaling pathway initiates early autophagy, while enhanced RAB7 recruitment inhibits autophagosome-lysosome fusion during late autophagy. Collectively, Pmp19G-involved manipulation of the autophagic process represents a critical strategy employed by C. psittaci to evade host immune defenses, leading bacterial survival and spread.
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Introduction

Chlamydia psittaci (C. psittaci) is an obligatory intracellular pathogen that parasitizes within eukaryotic cells. It poses a significant zoonotic threat, infecting poultry, livestock, wild animals, and humans, leading to severe respiratory and reproductive disease and causing substantial economic loss in animal husbandry (1). More human psittacosis cases with co-infection have been reported using next-generation sequencing (2). Clinically, C. psittaci infection presents symptoms similar to those of COVID-19, influenza, or human metapneumovirus, including high fever and pneumonia (3). Furthermore, C. psittaci infection suppresses host immunity and exacerbates the risk of secondary infection by impairing macrophage function and promoting the interleukin 10 (IL-10) expression, contributing to chlamydial infection and immune evasion (4, 5).

Like other intracellular pathogens such as M. tuberculosis (6), Coxiella burnetii and Brucella abortus (7), C. psittaci employs diverse cell receptors to invade the host (8). Several chlamydial outer-membrane components that interact with host cell receptors have been identified, including lipopolysaccharide (LPS) (9), the major outer membrane protein (MOMP) (10), and outer membrane complex protein B (OmcB) (11). Notably, the polymorphic membrane protein (Pmp) family has been demonstrated as adhesin that facilitates chlamydial infection (12). Compared to 1 pmpG gene of Chlamydia trachomatis, C. psittaci 6BC possesses 8 pmpG genes. Moreover, the identity of Pmp G remains highly conserved among different C. trachomatis serovars, while low similarity was detected in C. psittaci (12). This evidence suggests that C. psittaci-specific Pmp G might mediate multiple host tropisms during C. psittaci infection. In our prior investigation, C. psittaci Pmp17G and Pmp19G exhibited strong immunogenicity as potential vaccine candidate (13). As an adhesin, Pmp17G facilitates chlamydial invasion by binding the receptor of EGFR (14). However, the underlying function of Pmp19G remains poorly illustrated.

In our previous study, C. psittaci infection was determined to aggravate macrophage function by triggering Th2 polarization and contributing to secondary infections (4, 15). Therefore, the manipulation of macrophage function represents a critical step in C. psittaci infection. Within macrophage, autophagy serves as a crucial intracellular degradation process and a vital component of innate and adaptive immunity, combating intracellular pathogens and restricting bacterial spread (16). A few intracellular bacteria have successfully evolved various strategies to defend against autophagy and exploit this degradation process to acquire nutrition for their own development (17, 18). NOD-like receptors are crucial sensors for intracellular infections. The membrane association of NOD1 and NOD2 can recognize infection sites and initiate autophagic flow in macrophage (19). Chlamydia pneumoniae (C. pneumoniae) infection highly activated the NOD/Rip2 pathway and enhanced inflammatory response (20). Although the nod1 gene itself is not directly associated with ischemic stroke, its polymorphism may serve as a potential marker for assessing stroke in the context of C. pneumoniae-positive serum (21). Additionally, wild-type and NOD1-knockout mice exhibit similar pathology following C. trachomatis or C. muridarum infection (22). However, NDO-like receptor as a receptor mediating early autophagy, its interaction with Pmp19G remains unknown. Regarding late autophagy, RAB7 is a small GTPase that governs the late stages of autophagy, including autophagosome maturation and fusion with lysosomes. Consequently, many pathogens target RAB7 to subvert host degradative pathways. One common strategy is to block RAB7 recruitment or activation on degradative membranes. SARS-CoV-2 accessory proteins ORF3a and ORF7a disrupt the homotypic fusion and vacuole protein sorting (HOPS) complex. This disruption impairs assembly of the RAB7–HOPS–SNARE fusion machinery, leading to accumulation of unfused autophagosomes and reduced autophagic flux (23, 24). Similarly, Mycobacterium tuberculosis interferes with the transition from Rab5 to Rab7 on pathogen-containing phagosomes by retaining early endosomal Rab GTPases and deploying effectors that prevent RAB7 enrichment. This arrest of phagosome maturation promotes intracellular persistence (25). Another strategy is post-translational reprogramming of RAB7. Legionella pneumophila injects Dot/Icm effectors that drive SUMOylation-dependent recruitment of RAB7 to the Legionella-containing vacuole, thereby rerouting late endosomal–lysosomal trafficking to establish a replication-permissive niche (26). These tactics converge on late autophagy to favor pathogen survival. However, the role of RAB7 in chlamydial infection is still obscure.

This study hypothesizes that C. psittaci exploits Pmp19G to regulate macrophage autophagy by binding NOD1 receptor and activating subsequent signaling pathway. By elucidating the mechanisms underlying host receptor manipulation and immune evasion, this research aims to provide novel insights into therapeutic strategies combating chlamydial infection.





Materials and methods




C. psittaci strain

C. psittaci 6BC strain (GenBank accession number CP002549) was donated from Professor Yimou Wu at the University of Southern China. The strain was propagated in Buffalo green monkey kidney cells at 37 °C with 5% CO2 for 72h. Live elementary bodies (EBs) were harvested and purified by density gradient centrifugation. The titer of inclusion-forming units (IFUs) was determined using the chlamydia direct immunofluorescence assay kit (IMAGEN™; Oxoid, Cambridge, UK). Finally, the live strain was stored in the sucrose phosphate glutamate (SPG) buffer at −80 °C (27).





Expression and purification of recombinant Pmp19G protein

The C. psittaci-specific Pmp19G was cloned and expressed as previously described (28). In brief, pmp19G gene was amplified from C. psittaci 6BC genomic DNA and inserted into pET-28a plasmid (Novagen, Darmstadt, Germany), incorporating a His tag using Gibson assembly cloning kit (New England Biolabs, Massachusetts, USA). The plasmid was then transformed into E. coli DH5α (New England Biolabs, Massachusetts, US). Positive clones were selected and validated by PCR and double enzyme digestion. Plasmids were subsequently extracted using the Plasmid Mini Kit (Omega, Georgia, USA) according to the manufacturer’s instructions. Afterwards, the plasmids were transformed into E. coli Rossetta (DE3) (New England Biolabs, Massachusetts, USA) for expression. Finally, the recombinant protein was purified using Ni Sepharose High Performance (GE, Massachusetts, USA) and confirmed via SDS-PAGE and Western blot analysis. Endotoxin removal was performed using an affinity column (Thermo Fisher Scientific, Massachusetts, USA) and quantified residual LPS with a Limulus Amebocyte Lysate assay (Thermo Fisher Scientific, Massachusetts, USA). Endotoxin levels were consistently below 0.1 EU/mL, a threshold compatible with our cellular experiment.





Cell preparation

For passage cells, the chicken macrophage HD11 cell line was donated by Prof. Qiao Jian’s lab at China Agricultural University and cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Thermo Fisher Scientific, Massachusetts, USA) supplemented with 10% FBS, 1% sodium pyruvate, and 1% L-glutamine (Invitrogen, Massachusetts, USA) at 37 °C with 5% CO2 (29). For primary cells, alveolar macrophages were isolated from IL-10-/- mice (Jackson Lab, Maine, USA), and wild-type C57BL/6 mice (Vitalstar Biotechnology Co., Ltd, Beijing, China) and NOD1-/- mice, respectively. NOD1-/- mice were generously provided by Associate Professor Zhihua Liu at Tsinghua University (30). All the mice were 6–8 weeks old and 18–20 g body weights. Mouse alveolar macrophages were harvested following previous description (31). Subsequently, cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium (Thermo Fisher Scientific, Massachusetts, USA) supplemented with 10% FBS, 1% sodium pyruvate, and 1% L-glutamine (Invitrogen, Massachusetts, USA) and incubated at 37 °C with 5% CO2. 1 × 105 cells per well were seeded in 24-well plates for the fluorescence-based autophagic flux assay. 5 × 105 cells per well were seeded in 6-well plates for the Western blot, pull-down, and co-immunoprecipitation experiments.





Fluorescence assay of autophagic flux

Autophagic flux was determined using the mRFP-GFP-LC3 adenovirus (Hanbio Co. Ltd., Beijing, China). Approximately 1×105 macrophages were seeded in 24-well plates with cover glasses, and after overnight incubation, they were transfected with 5×105 plaque-forming units (PFU) of adenovirus. The cells were cultured for 48h at 37 °C with 5% CO2 and then fixed with 4% paraformaldehyde for observation under a fluorescence microscope. The mRFP-GFP-LC3 adenovirus expresses monomeric red fluorescent protein (mRFP), and green fluorescent protein (GFP) were used to track LC3. During autophagosome formation, LC3 was observed as the dot stains in the cells, which were labeled with both mRFP and GFP, displaying yellow fluorescence due to overlapping stains. In the late stage of autophagy, autophagosomes were observed to fuse with lysosomes into autolysosomes by showing GFP quench in the acidic environment. Consequently, LC3 dots displayed only red fluorescence. Therefore, autophagic flux will be calculated by degerming yellow and red dots. The dot was obtained from 3 independent calculations at random for analysis.





Cytokines detection

Approximately 1×105 macrophages per well were infected with C. psittaci 6BC strain at a multiplicity of infection (MOI) of 1. Afterward, the cells were centrifuged at 700×g for 1h at 37 °C, followed by the addition of 1 μg/mL cycloheximide into each well. Cellular supernatants were collected at 6h and 12h post infection, respectively. Cytokines of IL-10, IL-4, and TNF-α were measured using commercial enzyme-linked immunosorbent assay (ELISA) kit following manufacturer’s instructions (Invitrogen, Massachusetts, USA).





Western blot

After treatment with the C. psittaci 6BC strain or Pmp19G, macrophages were collected and lysed. The total protein loading amount of cell lysate is 20-30 μg. The samples were separated by 12% SDS-PAGE and transferred to a PVDF membrane (Thermo Fisher Scientific, Massachusetts, USA). After blocking with 5% bovine serum albumin at room temperature for 1h, the proteins were probed with primary antibodies including anti-His (1:5000), anti-LC3 (1:2000), anti-p62/SQSTM1 (1:2000), anti-LAMP (1:1000), anti-ATG16L1 (1:1000), anti-HA (1:200), anti-Nod1 (1:2000), anti-RAB7 (1:2000), anti-Tubulin (1:5000) or anti-GAPDH (1:5000) (Abcam, Cambridge, UK). Anti-IL-10R antibody (Affinity Biosciences, Cincinnati, USA) was validated species reactivity in chicken cells (Supplementary Figure 2B). Subsequently, goat anti-rabbit (1:10000) or goat anti-mouse (1:10000) secondary antibodies (Abcam, Cambridge, UK) were used. The bands were visualized using the Tanon Imaging system (Tanon Science & Tech, Beijing, China).





Pull-down assay

Macrophages were treated with 5 μg/mL of recombinant His-Pmp19G at 37 °C for 6h. Nickel-nitrilotriacetic acid (Ni-NTA) beads were prewashed 3 times with 50 mM imidazole. The treated samples were then added to 200 μL of Ni-NTA beads and incubated overnight at 4 °C with agitation. Subsequently, the beads were washed 5 times with 70 mM imidazole. Finally, the proteins were eluted with 250 mM imidazole and then analyzed by Western blot. Samples without incubation with Ni-NTA beads were used as input controls.





Expression of Pmp19G truncations and co-IP assay

To determine the interaction domain of Pmp19G, various Pmp19G truncations were constructed in plasmids, including pCMV-Pmp19G-N, pCMV-Pmp19G-C, and pCMV-Pmp19G. These plasmids were transfected into HD11 cells using Lipofectamine 3000 (Thermo Fisher Scientific, Massachusetts, USA). After 24h transfection, cells were washed three times with PBS and lysed in IP lysis buffer (Beyotime Biotech Ltd, Shanghai, China) at 4 °C for 30min. The cell lysates were then precleared with protein A/G PLUS agarose (Santa Cruz Biotechnology, Texas, USA) and incubated with anti-HA mAb and anti-NOD1 antibody at 4 °C for 8h, followed by three washes with IP buffer. Subsequently, Pmp19G truncations and NOD1 were identified by Western blot using HA-tagged or NOD1 antibodies.





siRNA interference

NOD1 was knockdown by transfection of specific siRNA (GE, Massachusetts, USA). The transfection process was performed following manufacturer’s protocol. Briefly, 1×105 HD11 cells per well were seeded into 24-well plates. The mixture of 25 nM siRNA, 1 μL Lipofectamine 3000, and 25 μL Opti-MEM™ Medium was added into cells. An equal amount of the mock siRNA was used as the negative control. After 48h incubation, cells were stimulated with 5 μg/mL of Pmp19G, and then samples were collected and analyzed at the corresponding time points as described above.





Statistical analysis

Data were presented as means ± standard deviation (SDs). Statistical analysis and graphs were generated using GraphPad Prism 7 software (GraphPad Software Inc., California, USA) and Image J (National Institutes of Health, Maryland, USA). Student’s t-test was used to evaluate differences between two groups, while three or more groups were analyzed by one-way analysis of variance (ANOVA) with LSD post-hoc test. P values <0.05 were considered statistically significant.






Results




Expression and identification of C. psittaci-specific Pmp19G

Several C. psittaci-specific Pmp G family members have been successfully expressed and identified in our previous reports, including Pmp17G and Pmp20G (28, 32). To further investigate the role of Pmp 19G in regulating host receptor, we amplified the pmp19G gene from the C. psittaci 6BC strain and ligated it into the pET-28a vector (Figure 1A). The positive colonies were selected, and the target protein was expressed in the E. coli Rossetta (DE3) strain. After purification using a nickel column, recombinant Pmp19G produced 58 kDa band in SDS-PAGE stained with Coomassie brilliant blue (Figure 1B). Moreover, this protein was identified by Western blot using anti-His antibody and positive C. psittaci serum (Figure 1C). No cross-reaction with E. coli was observed (Figure 1D).

[image: A series of four panels labeled A to D. Panel A shows a PCR gel with a 1467 base pair DNA band. Panel B displays a Coomassie-stained gel with a prominent protein band at 58 kilodaltons. Panel C is an anti-His Western blot with a 58 kilodalton band. Panel D is a 6BC serum Western blot highlighting a 58 kilodalton band attributed to Pmp19G. Each panel includes molecular weight markers.]
Figure 1 | Expression and identification of C. psittaci Pmp19G. (A) The 1467 bp pmp19G gene fragment was amplified from C. psittaci 6BC genomic DNA by PCR. (B) Recombinant Pmp19G was expressed in E. coli Rossetta (DE3) and displayed a 58 kDa band by Coomassie blue staining. (C) The reaction of recombinant protein with anti-His antibody and positive C. psittaci serum was detected by Western blot. (D) No nonspecific cross-reaction to E. coli Rossetta (DE3) cells was observed.






C. psittaci infection promoted early autophagy in macrophages

At 6 hours post infection (hpi), higher number of green and yellow LC3 dots were observed in C. psittaci infection group compared to those of the control group, but no difference of the red LC3 dots was found, indicating that C. psittaci infection significantly enhanced the formation of autophagosomes instead of autolysosomes (Figure 2A). Additionally, the lysosomal associated membrane protein 1 (LAMP1) as a late autophagic protein has no difference compared to the control group during C. psittaci infection (Supplementary Figure 1A). Furthermore, C. psittaci infection promoted the conversion of LC3 I to LC3 II and the accumulation of p62/SQSTM1 compared to the control group at 6 hpi and 12 hpi, respectively (Figure 2B). Meanwhile, the productions of IL-10, IL-4, and TNF-α were significantly upregulated in the macrophages (Figure 2C). Therefore, C. psittaci infection induced early autophagy in the macrophages.

[image: Section A shows microscopy images and bar charts analyzing GFP and mRFP signals in control and **C. ps** infection conditions. Increased yellow dots indicate autophagosome activity during infection. Section B presents Western blot data for LC3 and p62/SQSTM1 levels with intensity bar charts showing significant changes post-infection. Section C features bar graphs comparing cytokine levels (IL-10, IL-4, TNF-α) in control and infected samples over time, showing elevation in infection conditions. Statistical significance is highlighted with asterisks.]
Figure 2 | C. psittaci infection promoted early autophagy in macrophages. (A) HD11 cells were pretreated with mRFP-GFP-LC3 adenovirus and then infected with C. psittaci at MOI of 1. At 6 hpi, autophagic flow was determined by immunofluorescence. Yellow dots represent autophagosomes, red dots represent autolysosomes (Scale bar: 10µm). (B) LC3 I, LC3 II and p62/SQSTM1 were measured at 6 and 12 hpi by Western blot. Uninfected cells were served as the control group. GAPDH was used as the loading control. The intensity of the bands was quantified using ImageJ. Relative intensity was calculated as follows: relative intensity = indicated protein/GAPDH. (C) Secretion of IL-10, IL-4, and TNF-α were measured using ELISA kits at 6 and 12 hpi, respectively. Statistical analysis was performed by Student’s t test between the two groups, and the data from 3 independent experiments were expressed as the means ± SD (C. ps, Chlamydia psittaci; **P<0.01; n.s., no statistical significance).






Pmp19G is involved in the regulation of early autophagy in macrophages

To investigate the role of Pmp19G in the regulation of host autophagy, we performed long-term and short-term treatments. Although p62/SQSTM1 continuously increased, no significant difference was found in the conversion of LC3 I to LC3 II at 12h, 24h, or 36h, respectively (Figure 3A). Regarding short-term stimulation at 2h, 4h, and 6h, the conversion of LC3 I to LC3 II and p62/SQSTM1 increased significantly at different time points (Figure 3B). On the contrary, LAMP1 was not affected by serial doses of the Pmp19G treatment and different time points (Figures 3C, D). It suggests that Pmp19G regulated early autophagy in macrophage.

[image: Western blot analysis and corresponding bar graphs showing the effects of Pmp19G treatment. Panels A and B display LC3-I/II, p62/SQSTM1, and GAPDH. Treatment durations include 12, 24, 36 hours or 2, 4, 6 hours, with negative and rapamycin controls. Panels C and D focus on LAMP1 and GAPDH, with varying time points or concentrations. Bar graphs depict relative protein intensity comparisons, indicating statistically significant changes in some groups (*p < 0.05, **p < 0.01) and non-significant (n.s.) differences in others.]
Figure 3 | Pmp19G regulated early autophagy in macrophages. (A) HD11 cells were incubated with Pmp19G for 12, 24, and 36h, respectively. (B) HD11 cells were incubated with Pmp19G for 2, 4, and 6h, respectively. (C) HD11 cells were incubated with Pmp19G for 12, 24, and 36h, respectively. (D) HD11 cells were treated with 1 µg/mL, 5 µg/mL, and 20 µg/mL of Pmp19G. After samples collection, LC3 I, LC3 II, p62/SQSTM1 and LAMP1 were measured by Western blot. NC group as the negative control was no treatment, RAPA group as the positive control was treated with rapamycin. GAPDH was used as the loading control. Relative intensity was calculated as follows: relative intensity = indicated protein/GAPDH. Yellow curves were fitted to show the variation trend under each condition. Statistical analysis was performed by one-way ANOVA, and the data from 3 independent experiments were expressed as the means ± SD (NC, negative control; RAPA, rapamycin; *P<0.05, **P<0.01, n.s., no statistical significance).





Pmp19G was recognized by NOD1 receptor in macrophages

We observed the interaction with NOD1 receptor both in passage and primary macrophages. After Pmp19G treatment, NOD1 expression was dramatically activated at 2h, 6h, and 12h, respectively (Figure 4A). A similar trend was observed post treatment with serial Pmp19G doses. Obviously, NOD1 expression gradually increased with the serial Pmp19G stimulations (Figure 4B). Furthermore, the interaction between NOD1 and Pmp19G was confirmed by pull-down assay. NOD1 band was recovered only when it was incubated with His-Pmp19G, and no nonspecific bands were observed in NOD1-/- samples (Figure 4C). These findings indicated that Pmp19G could bind NOD1 receptor and induce potential functions.

[image: Western blot analysis showing the effect of Pmp19G treatment on protein levels in two cell types: alveolar macrophages and HD11. Panel A shows time dependent effects at 2, 6, and 12 hours. Panel B illustrates dose-dependent effects with 1, 5, and 20 micrograms per milliliter of Pmp19G. Panel C shows protein interaction analysis involving NOD1 and His-Pmp19G. Bar graphs depict relative intensity changes in NOD1/GAPDH ratios.]
Figure 4 | Pmp19G was recognized by NOD1 receptor in macrophages. (A) HD11 and primary alveolar macrophages were incubated with Pmp19G for 2, 6, and 12h, respectively. (B) HD11 and primary alveolar macrophage were treated with 1 µg/mL, 5 µg/mL, and 20 µg/mL of Pmp19G. After samples collection, the production of Nod1 was measured by Western blot. GAPDH was used as the loading control. Yellow curves were fitted to show the variation trend under each condition. (C) HD11 and NOD1-/- cells were incubated with His-Pmp19G at 37 °C for 6h. Treated samples were added to 200 μL Ni-NTA beads and incubated overnight at 4 °C. Proteins were eluted with 250 mM imidazole and then analyzed by Western blot. The samples without incubation with Ni-NTA beads were used as input. Statistical analysis was performed by one-way ANOVA, and the data from 3 independent experiments were expressed as the means ± SD (NC, negative control; RAPA, rapamycin; *P<0.05).





NOD1 receptor interacted with the N-terminal domain of Pmp19G

Firstly, different targeted truncations of Pmp19G were constructed and expressed using pCMV-HA vector. Subsequently, Pmp19G, Pmp19G N-terminal, and Pmp19G C-terminal were identified by Western blot using anti-HA antibody (Figure 5A). Co-immunoprecipitation further revealed that Pmp19G interacted with NOD1 receptor via its N-terminal in HD11(Figure 5B) and HEK293T cells (Supplementary Figure 2A). Based on the pmp19G gene sequence, we found three FxxN (where x is any amino acid) and four GGA(I/L/V) repeated tetrapeptide motifs in the N-terminal, but not in the C-terminal (Figure 5C). These results further implied that C. psittaci regulated host NOD1 receptor via Pmp19G N-terminal domain.

[image: Panel A displays a Western blot for HA tag expression with three different constructs. Panel B shows input and immunoprecipitation data for HA and NOD1 along with a tubulin loading control, examining Pmp19G constructs. Panel C illustrates the structural domains of different Pmp19G constructs, highlighting region of Pmp19G N-terminal.]
Figure 5 | N-terminal domain of Pmp19G bound NOD1 receptor in macrophages. (A) Pmp19G N-terminal, C-terminal, and full-length were synthesized and constructed in plasmids, named pCMV-Pmp19G-N, pCMV-Pmp19G-C, and pCMV-Pmp19G. After 24h transfection, proteins were detected by Western blot using anti-HA antibody. (B) HD11 cells were transfected with pCMV-Pmp19G-N, pCMV-Pmp19G-C, and pCMV-Pmp19G, respectively. After 24h transfection, IP was performed with anti-HA antibody. Interacting proteins were determined by Western blot with the indicated antibody. An aliquot of each cell lysate was loaded as input to visualize the expression of the tagged proteins. (C) The schematic representation of Pmp19G was depicted with the signal sequence, passenger domain, and β-barrel domain. The truncated subdomains were Pmp19G N-terminal and C-terminal. Each of the tetrapeptide motifs GGAX (in yellow) and FXXN (in blue) were marked in the central passenger domain.





NOD1 deficiency downregulated Pmp19G-induced early autophagy

To further demonstrate the regulatory effect of Pmp19G on autophagy by binding the host NOD1 receptor, NOD1 knockdown (siNOD1) and NOD1 knockout (NOD1-/-) were constructed. Autophagosomes and autophagic flux were significantly downregulated in the NOD1-/- and siNOD1 groups compared to the WT group (Figure 6A). Additionally, the conversion of LC3 I to LC3 II and the accumulation of p62/SQSTM1 were markedly decreased in the NOD1-/- and siNOD1 groups at 6h and 12h, respectively (Figure 6B). ATG16L1 is a crucial autophagy related protein, can be recruited by NOD1 receptor to the membrane at the infection site. Interestingly, lower activation of ATG16L1 was observed in the NOD1-/- and siNOD1 groups than in the control group (Figure 6C).

[image: Panel A shows fluorescent microscopy images of autophagosomes (yellow dots) and autolysosomes (red dots) in different cell conditions: WT, siNOD1, and NOD1 knock out. The graph displays a significant increase in autophagosome number in WT compared to other conditions. Panel B includes a Western blot analysis showing protein levels of LC3-I, LC3-II, and p62/SQSTM1 across various conditions. Accompanying bar graphs represent relative intensity measurements with significant differences highlighted. Panel C displays Western blot results for ATG16L1 and GAPDH, with graphs showing intensity ratios under different conditions, indicating significant differences.]
Figure 6 | NOD1 deficiency impaired Pmp19G-mediated autophagy. (A) HD11 cells were pretreated with NOD1 siRNA, NOD1-/- macrophages were isolated from the lung of NOD1 knock out mice. These passaged and primary cells were pretreated with mRFP-GFP-LC3 adenovirus and then incubated with Pmp19G. At 6h, the autophagic flow was determined by immunofluorescence. Yellow dots represent autophagosomes, and red dots represent autolysosomes (Scale bar: 10µm). (B) LC3 I, LC3 II and p62/SQSTM1 were measured at 6 and 12h by Western blot. (C) The production of ATG16L1 was measured at 6 and 12h by Western blot. GAPDH was used as the loading control. Statistical analysis was performed by one-way ANOVA, and the data from 3 independent experiments were expressed as the means ± SD (*P<0.05, **P<0.01, n.s., no statistical significance).





IL-10 enhanced Pmp19G-activated autophagy via ATG16L1 signaling pathway

In contrast with C. psittaci infection, Pmp19G stimulation only significantly enhanced the expression of IL-10 rather than IL-4 and TNF-α cytokines (Figure 7A). To understand the role of IL-10 in Pmp19G-activated autophagy, IL-10 receptor antibody and primary IL-10-/- macrophages were used in the study. After Pmp19G treatment, ATG16L1 was significantly upregulated in the control group compared to the anti-IL-10R group and IL-10-/- group at 2h and 6h, respectively both in HD11 and alveolar macrophages (Figure 7B). Moreover, ATG16L1 was markedly increased with dose-dependent effect. However, the anti-IL-10R group and IL-10-/- group exhibited significant downregulation of ATG16L1 (Figure 7C). Therefore, Pmp19G induced early autophagy associated with the activation of ATG16L1 and IL-10.

[image: Section A features three bar graphs showing IL-10, IL-4, and TNF-a levels at 2 and 6 hours, comparing control and Pmp19G groups. Sections B and C show Western blots for ATG16L1 and GAPDH in different conditions for HD11 and alveolar macrophages, accompanied by bar graphs of relative intensity comparing negative control, Pmp19G, rapamycin treatments, and various protein concentrations. Statistical significance is indicated in graphs.]
Figure 7 | IL-10 enhanced Pmp19G-activated autophagy via ATG16L1 signaling pathway. (A) Secretion of IL-10, IL-4, and TNF-α were measured using ELISA kits at 2 and 6 hpi, respectively. (B, C) HD11 cells were pretreated with anti-IL-10R antibody to block IL-10, and alveolar macrophages were isolated from IL-10 knockout mouse. These passage and primary cells were incubated with Pmp19G for 2 and 6h, or treated with different concentration, including 1 µg/mL, 5 µg/mL, and 20 µg/mL. The production of ATG16L1 was measured by Western blot. GAPDH was used as the loading control. Yellow curves were fitted to show the variation trend under each condition. Statistical analysis was performed by Student’s t test between the two groups, and the data from 3 independent experiments were expressed as the means ± SD (*P<0.05, **P<0.01, n.s., no statistical significance).





Pmp19G promoted the recruitment of RAB7 in late autophagy

To investigate the effect of Pmp19G on late autophagy of macrophages, we detected several late genes, including the family of the autophagy-related genes and Rab genes. Interestingly, rab7 gene was significantly expressed during C. psittaci infection and Pmp19G stimulation (Figure 8A). Furthermore, RAB7 was activated with Pmp19G treatment and C. psittaci infection by Western blot assay (Figure 8B). Moreover, RAB7 was recruited around the C. psittaci and Pmp19G by co-location assay (Figure 8C). It suggested that Pmp19G promoted RAB7 to be hijacked for nutrient supply in the late autophagy.

[image: Panel A: Bar graphs show mRNA levels of ATG7, ATG10, RAB5, and RAB11, with significant increase for RAB7 in C. psittaci and Pmp19G compared to controls. Panel B: Western blot and graph display significant RAB7 expression increase in C. psittaci and Pmp19G compared to NC. Panel C: Fluorescent microscopy images show merged, DAPI, FITC, and Alexa Fluor 594 staining for NC, C. psittaci, and Pmp19G conditions, highlighting protein localization and expression differences.]
Figure 8 | Pmp19G promoted the recruitment of RAB7 in late autophagy. (A) The transcription of atg7, atg10, rab5, rab7, and rab11 genes were analyzed by qPCR following 6h post C. psittaci infection and Pmp19G stimulation. (B) The production of RAB7 was measured by Western blot. GAPDH was used as the loading control. (C) HD11 cells were fixed with methanol and incubated with antibodies. FITC represents anti-Pmp19G staining (green). Alexa Fluor 594 represents anti-RAB7 staining (red). DAPI represents nuclear staining (blue). Co-localizations were determined by multiplex immunofluorescence (Scale bar: 10 µm). Statistical analysis was performed by one-way ANOVA, and the data from 3 independent experiments were expressed as the means ± SD (*P<0.05, **P<0.01, n.s., no statistical significance).






Discussion

In this study, we investigated the regulation between C. psittaci-specific Pmp19G and host NOD1 receptor. Pmp19G N-terminal can interact with host NOD1 receptor in macrophage. Upon Pmp19G stimulation, NOD1-ATG16L1 and IL-10 signaling pathways were significantly activated and contributed to early autophagy in the macrophage. Pmp19G promoted autophagic flux, including a higher conversion of LC3 I to LC3 II and the accumulation of p62/SQSTM1. Furthermore, Pmp19G was found to promote the recruitment of RAB7 in late autophagy. Our findings provide new insights into the role of Pmp19G in mediating the early- and late- autophagy in macrophages by binding NOD1 receptor and manipulating ATG16L1 and RAB7 signaling pathways, contributing to a crucial role in C. psittaci invasion and persistent infection (Figure 9).
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Figure 9 | Schematic diagram. C. psittaci utilizes Pmp19G N-terminal to bind NOD1 receptor, mediating the early autophagy via NOD1-ATG16L1 and IL-10 signaling pathways. Moreover, IL-10 contributes to the activation of ATG16L1, promoting the autophagic flow. In late autophagy, Pmp19G promotes RAB7 to be hijacked in the late autophagy. This regulation mechanism could be associated with nutrient acquisition and immune evasion during C. psittaci infection. The green line denotes promotion, while the red line denotes suppression.

p62 accumulation is often interpreted as a block in autophagosome–lysosome fusion or degradation, our data indicate that C. psittaci Pmp19G primarily stimulates early autophagosome formation rather than impairing late-stage autolysosome degradation. Specifically, we observed increased LC3-II and GFP-LC3 puncta as early as 2h post-treatment, but lysosomal membrane marker LAMP1 were unaffected. It suggests that the late autophagic flux is blocked leading to accumulation of p62. In contrast, pharmacological blockade of autophagosome maturation (e.g., bafilomycin A1) sustained p62 accumulation and reduced LC3 turnover (33, 34). Thus, the early rise in p62 in our system reflects increased cargo loading into nascent autophagosomes, not defective degradation.

C. psittaci has a wide range of hosts, infecting birds, livestock and humans. Moreover, C. psittaci displays tropism for different tissues, leading to multiple lesions in severe patients (35). Among the identified C. psittaci genes, pmpG genes exhibit high mutation rates and cross-species characteristics. Single nucleotide polymorphism (SNP) plays a crucial role in chlamydial host adaptation, SNPs are mainly located in the pmpG gene cluster, suggesting the association of pmpG genes with host tropism (36). Adhesion is considered the initial step for triggering chlamydial invasion, and several chlamydial proteins have been identified as adhesins that attach to human cells and facilitate chlamydial entry. However, the specific mechanism of host-bacteria remains obscure. Our study revealed that C. psittaci Pmp19G mediated the interaction with host NOD1 receptor by pull-down and Co-IP assays. Furthermore, the N-terminal domain of Pmp19G was identified to bind NOD1 receptor instead of the C-terminal, suggesting its potential role in adhering and regulating host receptor during C. psittaci infection. Moreover, the infectivity was significantly reduced after C. psittaci was pre-treated with specific Pmp19G antibodies compared to that of the control group and MOMP group (Supplementary Figure 3A). It suggested that Pmp19G as a critical adhesins to promote initial C. psittaci infection.

Previous reports indicated that NOD-like receptors regulated immune responses (37). Peptidoglycan is commonly considered a specific ligand for NOD-like receptors. For instance, the Salmonella type III secretion system effector protein SipA can activate NF- κB via a NOD1 and NOD2-dependent signaling pathway (38), while SopE activates the Rho GTPases and then interacts with NOD1, leading to downstream signal activation (39). Given NOD1 being a cytosolic receptor, interaction between Pmp19G and NOD1 were identified in the study. Similarly, the secretion system ESX-1 of M. tuberculosis can cause damage to cell membrane, leading to the activation of NOD2 (40). Therefore, Pmp19G-NOD1 interaction might be crucial for regulating bacterial infection. This evidence suggests that Pmp19G could facilitate C. psittaci invasion via recognizing member receptors and achieve persistent infection in macrophage by binding NOD1 receptor.

Post C. psittaci invasion, multiple host cell surface and secreted components (Pmps, MOMP, LPS, etc.) are exposed that together engage several pattern-recognition receptors and elicit a mixed cytokine response (IL-10, IL-4, TNF-α). In contrast, purified Pmp19G is a single ligand that preferentially signals via a more limited receptor set, producing a more restricted cytokine profile such as IL-10 induction. IL-10 can also have feedback inhibitory effects on pro-inflammatory cytokines (e.g., TNF-α), further contributing to the differences. In our study, the activations of IL-10 and NOD1-ATG16L1 signaling pathways were observed after Pmp19G stimulation in a dose-dependent manner. ATG16L1 is well-known for its role in early autophagy, contributing to the formation of LC3-associated membranes (41). These findings align with our autophagic flow results, as we observed an increase in early autophagosome formation, but not in autolysosomes during the late stage. Moreover, LAMP1 as a biomarker of late autophagy was unaffected. These results suggest that ATG16L1 activation could facilitate C. psittaci replication after entry. Previous study has shown that C. trachomatis effector CT622 targeted ATG16L1 to disrupt cellular traffic for its own growth (42). Additionally, ATG16L1-deficient macrophages displayed increased uptake and elimination of uropathogenic E. coli in vitro (43). ATG16L1 mutant mice showed rapid bacterial clearance and epithelial recovery in vivo (44). These findings indicate that ATG16L1 potentially contributes to bacterial infection. On the other hand, ATG16L1 has also been demonstrated to negatively regulate NOD1 and NOD2-driven inflammation by blocking activation of Rip2 in response to invasive bacterial pathogens (19). More interestingly, the crucial inflammatory suppressor IL-10 was significantly upregulated in the study. In the previous report, IL-10-/- promoted mice’s survival following C. psittaci infection by enhancing secretions of TNF-α, IL-1β and IFN-γ (45). Blocking IL-10 inhibited the production of ATG16L1, suggesting that ATG16L1 and IL-10 possibly have a synergistic action in suppressing the inflammatory response, thereby promoting chlamydial survival within macrophages.

Most intracellular nutrients primarily exist in the form of macromolecules, which chlamydia cannot directly access. Therefore, the participation of host degradative processes becomes a crucial step to acquire small molecule nutrients. Involvement in host autophagy is an ideal way to support chlamydial growth within infected cells. However, autophagy also serves as a vital defensive mechanism. Especially, Xenophagy as a kind of selective macroautophage that specifically combats intracellular pathogens, restricting their development and spread, such as Salmonella (46), E. coli (47) and others. Consequently, many bacteria have evolved various strategies to counter host autophagy. For instance, M. tuberculosis manipulates autophagic flux and inhibits autophagosome maturation and fusion with lysosome (48). Brucella requires the autophagosome-like vesicle and exploit autophagic flux to complete its intracellular cycle (49). C. trachomatis infection also induces autophagy, whereas the fusion of vacuole to lysosome is blocked (50). Additionally, C. trachomatis utilizes LC3 to promote infection in human epithelial cells (51). These findings explain our result that the recruitment of RAB7 in late autophagy during C. psittaci infection and Pmp19G treatment. It suggests that autophagic flow associated proteins play roles beyond autophagy and could be hijacked for chlamydial development.

This study elucidates the regulation by which C. psittaci Pmp19G activates the NOD1-ATG16L1 and IL-10 signaling pathways during early autophagy and recruits RAB7 in late autophagy. These findings uncover a novel regulatory mechanism that facilities C. psittaci infection and immune evasion. Insights into these pathways may inform the development of host-directed therapies to control chlamydial infections.
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Supplementary Figure 1 | C. psittaci infection induced early autophagy in macrophages. (A) HD11 cells were infected with C. psittaci at MOI of 1. LAMP1 was measured at 6 and 12 hpi by Western blot. Uninfected cells were served as the control group. GAPDH was used as the loading control. The intensity of the bands was quantified using ImageJ. Relative intensity was calculated as follows: relative intensity = indicated protein/GAPDH. (B) HD11 cells were pretreated with mRFP-GFP-LC3 adenovirus and then incubated with rapamycin (50 nM). At 24h, autophagic flow was determined by immunofluorescence. Green dots represent autophagosomes, red dots represent autolysosomes (Scale bar: 10 µm). Statistical analysis was performed by one-way ANOVA, data were expressed as the means ± SD (NC, negative control; n.s., no statistical significance).

Supplementary Figure 2 | Interaction between Pmp19G and NOD1 in a mammalian cell line. (A) HEK293T cells were transfected with pCMV-Pmp19G-N. After 24h transfection, IP was performed with anti-HA antibody. Interacting proteins were determined by Western blot with the indicated antibody. An aliquot of each cell lysate was loaded as input to visualize the expression of the tagged proteins. (B) The reagent specificity of IL-10R was tested in chicken (HD11) and mammalian (HEK293T) cell lines by Western blot.

Supplementary Figure 3 | Blocking Pmp19G reduced C. psittaci infectivity. (A) HD11 cells were pretreated with IgG, MOMP, and Pmp19G antibodies and then infected with C. psittaci at MOI of 1. At 48 hpi, the relative infection rate was determined by immunofluorescence. The red represents cells; the green represents chlamydia (Scale bar: 20 µm). Statistical analysis was performed by one-way ANOVA, and the data from 3 independent experiments were expressed as the means ± SD (*P<0.05).
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