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C-reactive protein (CRP) has been shown to be a potential candidate target in the immunotherapy of severe influenza A infection. However, it is unclear on the pathogenesis associated with CRP in influenza infections. Here, we used influenza A H1N1 CA04 to infect human CRP transgenic mice (KI), CRP knockout mice (KO), and wild-type mice (WT), respectively, and compared the viral pathogenicity and associated immune response in those mice. The results showed that CA04 infection resulted in 100%, 80%, and 60% death in KO, KI, and WT mice, respectively. Compared to WT mice, CA04 infection resulted in higher TCID50 in lungs on day 3 after infection but lowered HI antibody titers in sera of survivors on day 21 after infection in KI mice. ELISA assay showed that IFN-γ concentration was significantly increased in sera of WT, KI, or KO mice on day 7 after infection, and IL-17 was remarkably increased in sera of WT mice but decreased in sera of KI mice while no significant change in sera of KO mice on day 3 or 7 after infection. Quantitative RT-PCR showed that the relative expression levels of immune checkpoint CTLA-4, LAIR-1, GITR, BTLA, TIM-3, or PD-1 mRNA in the lung presented decreased levels on day 3 or 7 after infection in KI or KO mice. The correlation analysis showed that mRNA expression levels of the 6 molecules positively correlated with viral TICD50 in WT mice but negatively correlated with viral TCID50 in KI or KO mice. However, only LAIR-1 presented a significant correlation in each lung tissue of WT, KI, or KO mice with CA07 infection statistically. IHC results showed that LAIR-1 positive cells could be found in WT, KO, or KI mice lung tissues with CA04 infection, and the positive cells were mainly distributed in an inflammatory dense area. Our results suggested that deficiency of CRP or human CRP transgenic treatment aggravates influenza A virus infection in mice. CRP is a double sword in immune regulation of influenza infection in which IL-17 and immune checkpoint may be involved.
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Introduction

The influenza virus that causes annually recurrent acute respiratory disease in humans is responsible for a large proportion of morbidity and mortality (1). The WHO estimates that annual influenza epidemics result in ~1 billion infections, 3-5 million cases of severe illness, and 290,000-650,000 deaths (2). Severe disease and/or mortality in patients with influenza virus infection are generally due to virus-induced pneumonia or secondary bacterial superinfection (1). Primary viral pneumonia is characterized by high levels of viral replication in the lower respiratory tract accompanied by strong pro-inflammatory responses. Influenza-mediated alveolar epithelial cell injury is due to inherent viral pathogenicity and imbalanced host immune response triggered by the virus (3, 4).

C-reactive protein (CRP), a pentameric protein found in almost all organisms where the presence of CRP has been sought, is an inflammatory biomarker and an immune mediator (5, 6). It was first named because of its ability to precipitate C-polysaccharide from Streptococcus pneumoniae in vivo and became a protein expressed as a component of the acute phase response in humans and some other species (7). Growing studies have shown that CRP plays important roles in inflammatory processes and host responses to infection, including the complement pathway, apoptosis, phagocytosis, nitric oxide release, and the production of cytokines. Several studies suggested that CRP is a potential candidate target in the immunotherapy of severe influenza A infection (5, 8–10). However, to our knowledge, it is unclear on the pathogenesis associated with CRP on severe influenza infection.

In this study, to understand the pathogenesis associated with CRP on severe influenza infection, we used influenza A H1N1 virus to infect mice with human CRP transgenic treatment, mice with deficiency of CRP, and wild-type mice, respectively, and compared the viral pathogenicity and associated immune response in the three typed mice.



Materials and methods


Mice and infection

All animal studies were performed according to the guidelines approved by the Investigational Animal Care and Use Committee of the National Institute for Viral Diseases Control and Prevention of the China CDC and were conducted following the guidelines of the Council for Animal Care. The CRP knockout (KO), human CRP knock-in (KI), or wild-type (WT) C57BL/6J mice were purchased from Cyagen Biosciences (Suzhou, China). The KO or KI mice were detected by PCR, sequencing, and southern blotting to determine the knockout of mouse CRP or knock-in of human CRP on the sampled tail of each mouse. We performed a viral challenge by i.n. Inoculation of 1.5×104 TCID50 of A/California/04/2009 (H1N1) to anesthetized 8- to 10-week aged KO, KI, or WT female mice in 50 μL PBS. After the mice were infected with the virus, their body weight was measured daily to observe the changes. If the mice lost over 25% of their initial body weight, they were humanely euthanized and necropsied.



Viral titration

The influenza viruses used in this study were titrated by a TCID50 (50% tissue culture infectious dose) in MDCK cells. Briefly, 100 μl/well of MDCK cells (3 × 105 cells/ml) were seeded one day before infection in 96-well microtiter plates. Serial semi-logarithmic dilutions of each virus or supernatants of mouse lung homogenates were made with Dulbecco modified Eagle medium containing 1% bovine serum albumin and 2 μg/ml TPCK-treated trypsin from 10−2 to 10−7. Each virus or sample’s dilution was added to MDCK cells (4 wells for each dilution, 100 μl/well). The cells were incubated for 72 h at 35°C. The contents of each well were tested for hemagglutination by incubating 50 μl of the tissue culture supernatant with 0.5% turkey erythrocytes. The TCID50 was calculated according to the Reed and Muench method. For mouse lung tissue processing, in brief, left lung tissues from each mouse were homogenized in 1 mL of phosphate-buffered saline (PBS) by the tissue lyser (Qiagen). The supernatant was sampled after centrifugation at 3000 rpm for 15 min at 4°C.



Hemagglutination-inhibition (HI) assay

Prior to testing by the HI assay with turkey RBC, the serum samples were treated with 4-fold receptor destroying enzyme (RDE) dilutions at 37°C for 18 h, followed by incubation at 56°C for 30 min. The serum samples were titrated in 2-fold dilutions of PBS and tested at an initial dilution of 1:10. Virus was added at a concentration of 4 HAU/25 μL. After 1 hour, 50 μL of 1% turkey RBC was added.



Histopathological and immunohistochemical staining

Routine hematoxylin and eosin staining was used for histopathology evaluation. For immunohistochemistry, 4μm deparaffinized formalin-fixed paraffin-embedded sections were stained with polyclonal antibody against LAIR-1 (51030-R119, Sinobilogical, China) by using a polymer-based colorimetric indirect peroxidase method (ZSBio, China).



Cytokine IL-17 and IFN-γ assay

The concentration of IL-17 and IFN-γ in mice sera was determined using an enzyme-linked immunosorbent assay (ELISA) according to the manufacturer’s instructions (R&D system, USA). The serum samples were detected in 10-fold dilutions of PBS. The concentrations of IL-17 and IFN-γ were calculated through standard curves using the standard product (Supplemental Figure 1).



RNA extraction and quantitative RT-PCR

RNA was extracted from mouse lung tissues using an animal tissue total RNA extraction kit (TIANGEN BIOTECH, China) per the kit’s protocol. To quantify the relative expression levels of immune checkpoint glucocorticoid-induced TNF receptor family-related protein (GITR), B- and T-lymphocyte attenuator (BTLA), T-cell immunoglobulin and mucin-3 (TIM-3), cytotoxic T lymphocyte-associated antigen-4 (CTLA-4), human leukocyte associated Ig-like receptor-1 (LAIR-1) or programmed death 1 (PD-1) mRNA in mice lung tissues, a quantitative real-time RT-PCR was performed by QuantiFast SYBR Green RT-PCR Kit (Life Science Technologies, USA) on a real-time PCR detection system (Agilent Technologies Inc., Santa Clara, CA). The housekeeping gene GAPDH was used as the internal control. The specific primer sets were used as follows: GITR forward: GCCAGACGCTACAAGACT, GITR reverse: ATCGTAACTCACCGCTCT; BTLA forward: GTGACTTGGTGTAAGCACAATGGAA, BTLA reverse: TACGACCCGTTATCACTGAGATGTA; TIM-3 forward: AACCCTGCGAAAGGCAAACTT, TIM-3 reverse: GGTGACGACTGTCCTCCCAAA; CTLA-4 forward: AACCTTCAGTGGTGTTGGCTAG, CTLA-4 reverse: CCTCAGTCATTTGGTCATTTGT; LAIR-1 forward: TTGTCTTTCCGCCCTTCTGTTCTG, LAIR-1 reverse: CTGCTGCTGTCTTTTGTTGTTTGG; PD-1 forward: TATAACCTTGACGCAAACCA, PD-1 reverse: CTTGCTCATTTCAGAGTCCT; GAPDH reverse: ATGGGAGTTGTTTTCTTG, GAPDH forward: CTCGTCTTCTGTCATCTCTGCTG. The relative expression level was displayed by ΔCt in previous studies (11, 12).



Statistical analysis

The mouse survival curve analysis was performed using Fischer’s exact test. Mouse body weight changes, viral TCID50 in mouse lung tissue, sera HI antibody titers, sera concertation of cytokines, and mRNA expression levels of immune checkpoints in mouse lung tissues were observed using unpaired t-tests for significant differences. The correlations between mRNA levels of checkpoint and sera levels of cytokines were analyzed by Pearson’s correlation method. Differences were considered significant at P <.05 with a two-tailed test. All analyses were performed using Instat software (Vision 5.0; GraphPad Prism).




Results


The impact of CRP on pathogenicity of influenza virus in mice

CA04 infection resulted in 60% (n=10), 80% (n=10), or 100% (n=10) fatality in WT, KI, or KO mice respectively. The body weight changes suggested that the body weight loss of KO mice was higher than one of WT or KI mice after day 4 of infection, and the body weight loss of KI mice presented higher than one of the WT mice on day 7 after infection till to day 14 after infection (Figure 1). Furthermore, histopathological changes were observed on WT, KI, or KO mice with CA07 infection lung tissues. The results showed that, compared to MOCK, the CA04 resulted in typical histopathological damages, including infiltration of inflammatory cells and congestion and edema of alveoli and bronchus in the lungs of WT mice as well as in the lungs of KO or KI mice (Figure 2). On day 3 after infection, CA04 raised focal damages with scatted bronchopneumonia in WT, KO, or KI mice.




Figure 1 | The survival rate and body weight changes in WT, KO, or KI mice with CA07 infection. (A) Kaplan-Meier survival curves were recorded. n=10 mice for each group. *P <0.05, **P <0.01 (log-rank test) when comparing the WT or KI mice. (B) Body weight loss was recorded for all survived mice until 21 days post-infection. *P<0.05, **P <0.01 (two-tailed t-test) when comparing the WT or KI mice.



In comparison, the infiltration of inflammatory cells presented more in WT or KI mice than in KO mice (Figures 2A–C). On day 7 after infection, defuse alveolar damages were observed in the lungs of WT, KO, or KI mice. In comparison, the damages were more serious and extensive in the lungs of KO or KI mice than those of WT mice (Figures 2D–F). Taken together, the results suggested that deficiency of CRP or human CRP transgenic treatment enhanced the pathogenicity of influenza virus in mice.




Figure 2 | Histopathological damage in lung tissues of WT, KO or KI mice infected with CA04. Representative lung histopathology of CA04 or PBS challenged WT (A, D, G), KO (B, E, H) or KI (C, F, I) mice on day 3 or 7 after infection. The lungs of PBS inoculated WT (G), KO (H) or KI (I) mice were set as MOCK.  The infiltration of inflammatory cells (black arrow) and hyaline membrane formation (black square arrow) were presented in lung sections. Original magnification: ×10.





The impact of CRP on viral replication and antibody response in mice with influenza virus infection

Viral titration showed that the viral TCID50 presented a significantly higher level in the lungs of KI mice than WT or KO mice on day 3 after infection. In contrast, no significant difference was observed between them, although viral TCID50 presented a higher level in the lungs of KO mice than KI or WT mice on day 7 after infection (Figure 3A). The HI assay showed that the sera HI antibody titer against CA07 presented a much higher level in WT survivors than in KI survivors (Figure 3B). The results suggested that CRP was related to the viral clearance and antibody response in influenza infection.




Figure 3 | Viral load and HI antibody titer in mice with CA04 infection. (A) The viral TCID50 in lung tissues of CA04 infected WT, KI, or KO mice on day3 or 7 after infection, n=5 mice per group (mean ± SEM). (B) HI antibody titers in sera of CA04 infected WT or KI mice on day21 or 7 after infection. Unpaired t-tests were performed to assess statistical significance, *P <0.05, (two-tailed).





The impact of CRP on levels of cytokine IFN-γ and IL-17

As shown in Figure 4, the ELISA assay showed that IFN-γ concentration was significantly increased in sera of WT, KI, or KO mice on day 7 after infection, and no significant difference was observed between them. However, compared to PBS inoculated mice, IL-17 was remarkably increased in sera of WT mice with CA04 infection but decreased in sera of KI mice with CA04 infection on day 3 or 7 after infection, while there was no significant change in sera of KO mice infected with CA04 on day 3 or 7 after infection. The results suggested that deficiency of CRP or human CRP transgenic treatment decreased IL-17 immune response in influenza infection.




Figure 4 | IFN-γ and IL-17 levels in WT, KO, or KI mice sera. (A) The concentration of IFN-γ tested by ELISA in sera of WT, KO, or KI mice infected with CA04 on day 3 or 7 after infection, PBS inoculated mice were set as mock control. (B) The concentration of IL-17 tested by ELISA in sera of WT, KO, or KI mice infected with CA04 on day 3 or 7 after infection, PBS inoculated mice were set as mock control. Unpaired t-tests were performed to assess statistical significance, *P <0.05, **P <0.01, ***P <0.001 (two-tailed)..





The impact of CRP on immune checkpoint mRNA expression of infected mice

To observe the correlation of CRP with the local immune response of lung in mice to influenza infection, we quantified the relative expression levels of 6 immune checkpoint mRNAs in lung tissues of mice, including GITR, BTLA, TIM-3, PD-1, CTLA-4, and LAIR-1. The results showed that compared to PBS inoculated mice, relative expression levels of GITR, BTLA, TIM-3, and PD-1 mRNA were significantly decreased on day 3 or 7 after infection in KI or KO mice with CA07 infection but not in WT mice with CA07 infection, and their levels were significantly higher in WT mice than in KI or KO mice (Figures 5A–D). Whereas the relative expression levels of CTLA-4 and LAIR-1 were increased on day 3 or 7 after infection in WT, KI, and KO mice, and their levels were significantly higher in WT mice than in KI or KO mice on day 7 after infection (Figures 5E, F). In addition, the correlation analysis showed that mRNA expression levels of the 6 molecules presented a respectively positive correlation with viral TICD50 in WT mice but a negative correlation with viral TCID50 in KI or KO mice (Figure 6). However, only LAIR-1 presented a significant correlation in each lung tissues of WT, KI, or KO mice with CA07 infection statistically (Figure 6A). In addition, IHC results showed that LAIR-1 positive cells could be seen in lung tissues of WT, KO, or KI mice with CA04 infection, and the positive cells were mainly distributed in an inflammatory dense area. Given the comparison, more stained cells were seen on day 7 after infection than on day 3 after infection and in WT and KI mice than in KO mice on day 7 after infection (Figure 7).




Figure 5 | The relative quantification level of checkpoint mRNA GITR (A), BTLA (B), TIM-3(C), CTLA-4 (D), PD-1 (E), or LAIR-1 (F) in lung tissues of WT, KO, or KI mice with CA04 infection on day 3 or 7 after infection. PBS inoculated mice were set as mock control. Unpaired t-tests were performed to assess statistical significance, *P <0.05, **P <0.01, ***P <0.001 (two-tailed).






Figure 6 | The correlation between relative quantification level of checkpoint mRNA LAIR-1 (A), CTLA-4 (B), PD-1 (C), TIM-3 (D), BTLA (E), GITR (F), and viral TCID50 in lung tissue of WT, KO, or KI mice infected with CA04 on day 3 or 7 after infection. Pearson correlation analysis was performed.






Figure 7 | LAIR-1 immunopathology of lung sections from WT, KO, or KI mice. Immunohistochemistry for LAIR-1 + pulmonary cells (black arrows) in representative lung sections of WT, KO, or KI mice infected with CA04 on day 3 (A–C) or 7 after infection (D–F). PBS inoculated mice were set as mock control (G–I). Original magnification: ×40 (A–F) or ×20 (G–I).






Discussion

The modulation of host factors involved in regulating viral replication and/or injury or tissue recovery has been demonstrated to be a potential strategy against viral diseases, including influenza (13, 14). Whereas, CRP has been considered a potential therapeutic target for inflammatory diseases, including infections, since CRP bound to a multivalent ligand can efficiently initiate the assembly of a C3 convertase through the classical pathway and thus decorate the surface of the ligand with opsonic complement fragments (6, 15, 16). However, the detailed response pathway of CRP to the disease is still unknown, although CRP is related to the outcome of severe influenza disease and joined in the mediation of immunopathological lesions (8, 17, 18).

Our data demonstrated that deficiency of CRP or human CRP transgenic treatment aggravated influenza A virus infection in mice, and deficiency of CRP resulted in a much more severer outcome than human CRP transgenic treatment. Human CRP transgenic mice have been demonstrated to be a good model for studying the in vivo function of the protein (19) and have been used to study infectious diseases (6, 20–25). Transgenic or passively administered human CRP was protective against lethal bacterial infection in transgenic mice (6). In contrast, increasing studies have shown that excessively high CRP level was a risk factor for virus infection’s severity or fatal outcome, including influenza (8, 17, 26–28). Studies have demonstrated that the antiviral immune response represents a balancing act between the elimination of the virus and immune-mediated pulmonary injury (29). Our previous study showed that CRP joined in mediating immunopathological lesions in severe influenza (8). Hence, our results here indicated that CRP might play an important role in the immune balance of influenza infection, and the role may be a double-edged sword in influenza infection, overexpression or deficiency of CRP would be a disadvantage to the infection. Besides survival rate and body weight loss, our results showed that human CRP transgenic treatment or deficiency of CRP resulted in more serious and extensive damage to the lung in mice with influenza A infection on day 7 after infection, and human CRP transgenic treatment increased the viral load in the lung of mice with influenza A infection on day 3 after infection but decreased the HI antibody titer in survivor on day 21 after infection. The results indicated that deficiency of CRP or human CRP transgenic treatment impacted the immune response associated with tissue damage, viral clearance, and/or antibody production.

Our results also suggested that deficiency of CRP or human CRP transgenic treatment decreased or blocked the immune response of IL-17 in influenza A infection. Studies showed that IL-17 plays a critical role in mediating the recruitment of B cells to the site of pulmonary influenza virus infection in mice (29) and suggested that anti-IL-17A or anti-IFN-γ treatment attenuated the severity of immunopathology by influenza virus (30, 31). However, studies also suggested that IL-17 plays a crucial role in enhancing effective antiviral immune responses, including the maintenance of tissue integrity and the generation of protective immune responses to infectious microorganisms, especially at epithelial barrier sites (32–34). Our results showed that both deficiencies of CRP and human CRP transgenic treatment decreased IL-17 response but had no influence on IFN-γ response in mice with influenza A infection, indicating that IL-17 antiviral response was deficient or decreased in influenza A infection in mice with deficiency of CRP or human CRP transgenic treatment or.

We further analyzed the impact of CRP on the expression of immune checkpoint molecules in lung tissues of mice with influenza A infection because several immune checkpoint molecules have been demonstrated to be crucial for maintaining self-tolerance and for modulating the length and magnitude of effector immune responses in peripheral tissues to minimize tissue damage (35–37). In addition, studies of the interplay between immune activation and suppression have shown an important role for immune checkpoint molecules in the pathogenesis of infectious diseases (37). In this study, our results showed that, compared to WT mice, influenza A infection resulted in decreased expression of checkpoint molecules GITR, BTLA, TIM-3, PD-1, CTLA-4, and LAIR-1 in lung tissues of KI or KO mice on day 7 after infection, and expression levels of these molecules presented a positive correlation with viral TICD50 in lungs of WT mice but negative correlation with TCID50 in lungs of KI or KO mice although the significant correlation was not observed in all them (Figure 5 and Supplemental Figure 1). And the results showed the only LAIR-1 presented significant correlation with viral TCID50 in each infection of the three typed mice. The IHC stains also showed that LAIR-1 positive cells were mainly distributed in the inflammatory dense area of lung tissues in WT, KO, or KI mice with CA04 infection. Studies showed that LAIR-1 plays a role in regulating immune cells (38) and limits neutrophilic airway inflammation as a functional inhibitory receptor on airway-infiltrated neutrophils (39, 40). The results indicated that deficiency of CRP or human CRP transgenic treatment impacted the balance of immune regulation by immune checkpoint molecules. In contrast, the delicate immune balance is a key factor in maintaining normal immune responses such as viral clearance (41), tissue tolerance, antibody responses, and tissue repairment (29, 42, 43).

In summary, we observed the impact of human CRP transgenic treatment and deficiency of CRP on the pathogenicity of influenza A virus in mice and analyzed immune factors associated with innate immune regulation in those mice. Our results showed that both deficiencies of CRP and human CRP transgenic treatment aggravated influenza A infection in mice, and the aggravation may be owed to imbalance immune regulation, including decreased antibody response, IL-17 levels, and/or expression of several immune checkpoint molecules.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.



Ethics statement

The animal study was reviewed and approved by Investigational Animal Care and Use Committee of the National Institute for Viral Diseases Control and Prevention of the China CDC.



Author contributions

RG designed the study and wrote the report. ZZ, YG, and LL performed the experiments. RG, ZZ, and YG joined in the data analysis. All authors contributed to the review and revision of the manuscript and have read and approved the final version.



Funding

This work was supported by the National Natural Scientific Foundation of China (grant number 81971946) and the National Key R&D Program of China (grant number 2019YFC1605001). The contents of this article are solely the responsibility of the authors and do not necessarily represent the views of China CDC and other organizations.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.1028458/full#supplementary-material

Supplementary Figure 1 | The ELISA standard curves of IL-17 (A) and IFN-γ (B).



References

1. Peteranderl, C, Herold, S, and Schmoldt, C. Human influenza virus infections. Semin Respir Crit Care Med (2016) 37:487–500. doi: 10.1055/s-0036-1584801

2. Iuliano, AD, Roguski, KM, Chang, HH, Muscatello, DJ, Palekar, R, Tempia, S, et al. Estimates of global seasonal influenza-associated respiratory mortality: a modelling study. Lancet (2018) 391:1285–300. doi: 10.1016/S0140-6736(17)33293-2

3. Flerlage, T, Boyd, DF, Meliopoulos, V, Thomas, PG, and Schultz-Cherry, S. Influenza virus and SARS-CoV-2: pathogenesis and host responses in the respiratory tract. Nat Rev Microbiol (2021) 19:425–41. doi: 10.1038/s41579-021-00542-7

4. Narasaraju, T, Yang, E, Samy, RP, Ng, HH, Poh, WP, Liew, AA, et al. Excessive neutrophils and neutrophil extracellular traps contribute to acute lung injury of influenza pneumonitis. Am J Pathol (2011) 179:199–210. doi: 10.1016/j.ajpath.2011.03.013

5. Pathak, A, and Agrawal, A. Evolution of c-reactive protein. Front Immunol (2019) 10:943. doi: 10.3389/fimmu.2019.00943

6. Volanakis, JE. Human c-reactive protein: expression, structure, and function. Mol Immunol (2001) 38:189–97. doi: 10.1016/S0161-5890(01)00042-6

7. Kushner, I. The phenomenon of the acute phase response. Ann NY Acad Sci (1982) 389:39–48. doi: 10.1111/j.1749-6632.1982.tb22124.x

8. Gao, R, Wang, L, Bai, T, Zhang, Y, Bo, H, and Shu, Y. C-reactive protein mediating immunopathological lesions: A potential treatment option for severe influenza a diseases. EBioMedicine (2017) 22:133–42. doi: 10.1016/j.ebiom.2017.07.010

9. Li, HY, Tang, ZM, Wang, Z, Lv, JM, Liu, XL, Liang, YL, et al. C-reactive protein protects against acetaminophen-induced liver injury by preventing complement overactivation. Cell Mol Gastroenterol Hepatol (2022) 13:289–307. doi: 10.1016/j.jcmgh.2021.09.003

10. Pepys, MB, and Hirschfield, GM. C-reactive protein: a critical update. J Clin Invest (2003) 111:1805–12. doi: 10.1172/JCI200318921

11. Livak, KJ, and Schmittgen, TD. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-delta delta C(T)) method. Methods (2001) 25:402–8. doi: 10.1006/meth.2001.1262

12. Rao, X, Huang, X, Zhou, Z, and Lin, X. An improvement of the 2^(-delta delta CT) method for quantitative real-time polymerase chain reaction data analysis. Biostat Bioinforma Biomath (2013) 3:71–85.

13. Chen, N, Zhang, B, Deng, L, Liang, B, and Ping, J. Virus-host interaction networks as new antiviral drug targets for IAV and SARS-CoV-2. Emerg Microbes Infect (2022) 11:1371–89. doi: 10.1080/22221751.2022.2071175

14. Lin, KL, Sweeney, S, Kang, BD, Ramsburg, E, and Gunn, MD. CCR2-antagonist prophylaxis reduces pulmonary immune pathology and markedly improves survival during influenza infection. J Immunol (2011) 186:508–15. doi: 10.4049/jimmunol.1001002

15. Ridker, PM. From c-reactive protein to interleukin-6 to interleukin-1: Moving upstream to identify novel targets for atheroprotection. Circ Res (2016) 118:145–56. doi: 10.1161/CIRCRESAHA.115.306656

16. Yao, X, Huang, J, Zhong, H, Shen, N, Faggioni, R, Fung, M, et al. Targeting interleukin-6 in inflammatory autoimmune diseases and cancers. Pharmacol Ther (2014) 141:125–39. doi: 10.1016/j.pharmthera.2013.09.004

17. Vasileva, D, and Badawi, A. C-reactive protein as a biomarker of severe H1N1 influenza. Inflammation Res (2019) 68:39–46. doi: 10.1007/s00011-018-1188-x

18. Zimmerman, O, Rogowski, O, Aviram, G, Mizrahi, M, Zeltser, D, Justo, D, et al. C-reactive protein serum levels as an early predictor of outcome in patients with pandemic H1N1 influenza a virus infection. BMC Infect Dis (2010) 10:288. doi: 10.1186/1471-2334-10-288

19. Ciliberto, G, Arcone, R, Wagner, EF, and Ruther, U. Inducible and tissue-specific expression of human c-reactive protein in transgenic mice. EMBO J (1987) 6:4017–22. doi: 10.1002/j.1460-2075.1987.tb02745.x

20. Gang, TB, Hanley, GA, and Agrawal, A. C-reactive protein protects mice against pneumococcal infection via both phosphocholine-dependent and phosphocholine-independent mechanisms. Infect Immun (2015) 83:1845–52. doi: 10.1128/IAI.03058-14

21. Simons, JP, Loeffler, JM, Al-Shawi, R, Ellmerich, S, Hutchinson, WL, Tennent, GA, et al. C-reactive protein is essential for innate resistance to pneumococcal infection. Immunology (2014) 142:414–20. doi: 10.1111/imm.12266

22. Suresh, MV, Singh, SK, Ferguson, DA Jr., and Agrawal, A. Role of the property of c-reactive protein to activate the classical pathway of complement in protecting mice from pneumococcal infection. J Immunol (2006) 176:4369–74. doi: 10.4049/jimmunol.176.7.4369

23. Suresh, MV, Singh, SK, Ferguson, DA Jr., and Agrawal, A. Human c-reactive protein protects mice from streptococcus pneumoniae infection without binding to pneumococcal c-polysaccharide. J Immunol (2007) 178:1158–63. doi: 10.4049/jimmunol.178.2.1158

24. Szalai, AJ, Briles, DE, and Volanakis, JE. Human c-reactive protein is protective against fatal streptococcus pneumoniae infection in transgenic mice. J Immunol (1995) 155:2557–63.

25. Yother, J, Volanakis, JE, and Briles, DE. Human c-reactive protein is protective against fatal streptococcus pneumoniae infection in mice. J Immunol (1982) 128:2374–6.

26. Wang, C, Yu, H, Horby, PW, Cao, B, Wu, P, Yang, S, et al. Comparison of patients hospitalized with influenza a subtypes H7N9, H5N1, and 2009 pandemic H1N1. Clin Infect Dis (2014) 58:1095–103. doi: 10.1093/cid/ciu053

27. Zeng, F, Huang, Y, Guo, Y, Yin, M, Chen, X, Xiao, L, et al. Association of inflammatory markers with the severity of COVID-19: A meta-analysis. Int J Infect Dis (2020) 96:467–74. doi: 10.1016/j.ijid.2020.05.055

28. Zou, S, Liu, J, Yang, Z, Xiao, D, and Cao, D. SAA and CRP are potential indicators in distinction and severity assessment for children with influenza. Int J Infect Dis (2021) 108:357–62. doi: 10.1016/j.ijid.2021.05.057

29. Newton, AH, Cardani, A, and Braciale, TJ. The host immune response in respiratory virus infection: balancing virus clearance and immunopathology. Semin Immunopathol (2016) 38:471–82. doi: 10.1007/s00281-016-0558-0

30. Liu, X, Nguyen, TH, Sokulsky, L, Li, X, Garcia Netto, K, Hsu, AC, et al. IL-17A is a common and critical driver of impaired lung function and immunopathology induced by influenza virus, rhinovirus and respiratory syncytial virus. Respirology (2021) 26:1049–59. doi: 10.1111/resp.14141

31. Liu, B, Bao, L, Wang, L, Li, F, Wen, M, Li, H, et al. Anti-IFN-gamma therapy alleviates acute lung injury induced by severe influenza a (H1N1) pdm09 infection in mice. J Microbiol Immunol Infect (2021) 54:396–403. doi: 10.1016/j.jmii.2019.07.009

32. Bagri, P, Anipindi, VC, Nguyen, PV, Vitali, D, Stampfli, MR, and Kaushic, C. Novel role for interleukin-17 in enhancing type 1 helper T cell immunity in the female genital tract following mucosal herpes simplex virus 2 vaccination. J Virol (2017) 91. doi: 10.1128/JVI.01234-17

33. Ma, WT, Yao, XT, Peng, Q, and Chen, DK. The protective and pathogenic roles of IL-17 in viral infections: friend or foe? Open Biol (2019) 9:190109. doi: 10.1098/rsob.190109

34. Wang, X, Ma, K, Chen, M, Ko, KH, Zheng, BJ, and Lu, L. IL-17A promotes pulmonary b-1a cell differentiation via induction of blimp-1 expression during influenza virus infection. PLoS Pathog (2016) 12:e1005367. doi: 10.1371/journal.ppat.1005367

35. Baumeister, SH, Freeman, GJ, Dranoff, G, and Sharpe, AH. Coinhibitory pathways in immunotherapy for cancer. Annu Rev Immunol (2016) 34:539–73. doi: 10.1146/annurev-immunol-032414-112049

36. Pardoll, DM. The blockade of immune checkpoints in cancer immunotherapy. Nat Rev Cancer (2012) 12:252–64. doi: 10.1038/nrc3239

37. Wykes, MN, and Lewin, SR. Immune checkpoint blockade in infectious diseases. Nat Rev Immunol (2018) 18:91–104. doi: 10.1038/nri.2017.112

38. Tang, X, Tian, L, Esteso, G, Choi, SC, Barrow, AD, Colonna, M, et al. Leukocyte-associated ig-like receptor-1-deficient mice have an altered immune cell phenotype. J Immunol (2012) 188:548–58. doi: 10.4049/jimmunol.1102044

39. Burgstaller, G, Oehrle, B, Gerckens, M, White, ES, Schiller, HB, and Eickelberg, O. The instructive extracellular matrix of the lung: basic composition and alterations in chronic lung disease. Eur Respir J (2017) 50. doi: 10.1183/13993003.01805-2016

40. Kumawat, K, Geerdink, RJ, Hennus, MP, Roda, MA, van Ark, I, Leusink-Muis, T, et al. LAIR-1 limits neutrophilic airway inflammation. Front Immunol (2019) 10:842. doi: 10.3389/fimmu.2019.00842

41. Zinkernagel, RM. Immunology taught by viruses. Science (1996) 271:173–8. doi: 10.1126/science.271.5246.173

42. Allard, B, Panariti, A, and Martin, JG. Alveolar macrophages in the resolution of inflammation, tissue repair, and tolerance to infection. Front Immunol (2018) 9:1777. doi: 10.3389/fimmu.2018.01777

43. Incorvaia, E, Sicouri, L, Petersen-Mahrt, SK, Schmitz, KM, and Hormones and, AID. Balancing immunity and autoimmunity. Autoimmunity (2013) 46:128–37. doi: 10.3109/08916934.2012.748752



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Zhang, Gao, Li, Luo and Gao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-13-1028458-g002.jpg
Day 7

o) BN TP
S
et “.’.Il I « - ";'lt{?'\;)\): :

MOCK 178, NSl | 110

e

4:

.
y

L

w






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Deficiency of C-reactive protein or human C-reactive protein transgenic treatment aggravates influenza A infection in mice

      

        		

          Introduction

        



        		

          Materials and methods

        

          		

            Mice and infection

          



          		

            Viral titration

          



          		

            Hemagglutination-inhibition (HI) assay

          



          		

            Histopathological and immunohistochemical staining

          



          		

            Cytokine IL-17 and IFN-γ assay

          



          		

            RNA extraction and quantitative RT-PCR

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            The impact of CRP on pathogenicity of influenza virus in mice

          



          		

            The impact of CRP on viral replication and antibody response in mice with influenza virus infection

          



          		

            The impact of CRP on levels of cytokine IFN-γ and IL-17

          



          		

            The impact of CRP on immune checkpoint mRNA expression of infected mice

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-13-1028458-g006.jpg
r=-0.72 p=0.03 (WT)

TCID50(log/100p)

000 002 004 006 008
LAIR-1 23¢t

B
r=-0.65, p=0.06 (WT)
= .
g 2
=
g - e
g—z ‘e o
Ul
=}
o1
[l

000 002 004 006 008

TCID50(log/1004d)

010  0.000
LAR-1 2%t

r=0.49, p=0.04 (KI)
»

TCID50(log/100pl)

010 0.00 0.02 0.04 0.06

8 TCIDS0(log/1004l)

TCID50(log/10044)
- [
L]
*

0005 0010 0015 0020 0025 000 001 0.02 0.03 004

LAIR-1 273
47 r=0.79 p=0.004 (KO)
3 e 0]
0.00 002 0.04 0.06 008

c CTLA4 273 CTLA4 23¢t CTLA4 2%¢t
4

=y r=20.51, p=0.16 (WT) ~%1 r=0.58, p=0.02 (k) 5 | r=0.48 p=0.016 (KO)
o 4 L 'y 3 ” e L) 13 L

e e . Ss3 /,-lv’"_,,
=X N =5 B

2 S D2 e

= [ ] L] P =

o 2 . = [} S

o % : LI 2]

Q Qg

o S S

- Pt -

0.000 0.005 0.010 0‘.0‘;5 0020 0025 0.000 0005 0010 0015 0020 0025 0.00 001 -“:.02 003

B PD-1 2° pD-1 23 PD-1 2

5 rz-0.41, p=0.24 (WT) i‘ :——-0.416, p=0.06 (Kl). i‘ r=0.72 p=0.01 (KQ)

: : / S * °
= T 4 =

=] [=] . =]

h) 9 = S 2ffe

§ § o 2* é’

= Q Q1

O © O

- Pt [

0.000 0.005 0010 0.015

0020 0.000 0002 0.004 0006 0008 0010 0.000

E M3 2% TIM3 23¢t
[
g | 2027, p=046 (wr) T | 030 p=025 (K
o 4 o =) -, * 2
o o L ]
= =4
o> i=2]
S S =
2 243 %
Q Q
O O
et =t
0.000 0.005 0010 0015 0020 0025 0.000 0.005 0.010
BTLA 2%t BTLA 2%t
F
_.5 r=-0.33 p=0.35 (WT) r=0.30, p=0.25 (KI)
= T | .
S > - °
= =P
g g :
— = *
(=3
3 Q
= =

000 001 002 003
GITR 2%t

004 0000 0005

GITR 2%t

0,005 0.010 0015
PD-1 2%
4
5| =054 p=0.11 (KO)
8 . [ .
= »
>
224%
=3
'z}
Q
0
t_
0015 4,000 0005 0.010 0015
BTLA 2%t

49 7=0.73 p=0.01 (KO)

TCID50(log/1004l)
N
&

0.010 0015 0020 0025 0.00 001 0.02 003

GITR 2%t





OEBPS/Images/fimmu-13-1028458-g004.jpg
IFN-; (ng/ml)

IL-17 (ng/ml)

@ WT
&3 K
=1





OEBPS/Images/fimmu-13-1028458-g001.jpg
Percent survival

0 2 4 6 8 10 12 14 16 18 20
Day after innocuration

Weight change (%)

L 2 3 4 56 78 9101112131415 18

Day after innocuration






OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu.2022.1028458_cover.jpg
’ frontiers ‘ Frontiers in Immunology

Deficiency of C-reactive protein
or human C-reactive protein
transgenic treatment aggravates
influenza A infection in mice





OEBPS/Images/fimmu-13-1028458-g003.jpg
TCID50(log/100u)






OEBPS/Images/fimmu-13-1028458-g007.jpg
Day 3

Day 7

MOCK S, . ¢

ot lo""‘" 2 AN
IV - ‘\’i Ve {7 >

-g' 'd'_‘ ‘2';1‘ N \"f
3w 4 ;;,._»('?;r; ;

,_._.' "' 3 B e - » <. .- 3

sy “‘?'m " “ :"'J"vm; eV S N
| TR, S N A A Lo i (P oAty s ya
W A G R SRR 2N W s ST

M\ e TRRd ek G TR | O S =
Dy TS LRI '

o WG S AGNS 2T SALH B T o
1t o R g
' el 3 ) t

s
\‘;"3. (3 Sl -‘?'&" RS ""‘ g
G,
- T g@“ O -‘74 V’ﬁ?%‘é'l
&5 < --'..“'

RS TAE AT TVRGHE
S oW A %

-

gt - >4 ;
Ly l)‘:i b:‘c -~
3&59 ‘Sz_& e

L /4






OEBPS/Images/fimmu-13-1028458-g005.jpg





