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Severe influenza diseaseswith highmortality have been frequently reported, especially in those patients infected
with avian influenza A (H5N1, H7N9 or H10N8) or during a pandemic. Respiratory distress, which is attributed to
alveolar damage associated with immunopathological lesions, is the most common cause of death. There is a
wealth of information on pathogenesis or treatment options. In this study, we showed that high levels of C-reac-
tive protein (CRP) were induced and correlated with complement activation in patients infected with severe in-
fluenza A (H5N1, H7N9 or H10N8), and higher levels were induced in fatal patients than in survivors. CRP
treatment enhanced the phagocytosis of monocytes THP-1 to H5N1 virus as well as the expression of proinflam-
matory cytokines or apoptosis-associated genes in THP-1 cells or pneumocytes A-549 respectively. CRPmay link
to proinflammatory mediators contributing to activation of complement and boosting inflammatory response in
severe influenza infections. Compound 1,6-bis(phosphocholine)-hexane improved the severity and mortality of
mice infected with lethal influenza virus significantly. These observations showed that CRP is involved in deteri-
oration of severe influenza diseases, and indicated a substantial candidatemolecule for immunotherapy of severe
influenza diseases.
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1. Introduction

Influenza comprises a substantial portion ofmorbidity andmortality
caused by acute respiratory infections, which are the fourth leading
cause of death and the second highest cause of years of life lost
(Organization, 2014; Radin et al., 2012; Nair et al., 2011). Severe influ-
enza diseases with high mortality have been frequently reported, espe-
cially in those patients infected with avian influenza (AI) A (H5N1,
H5N6, H7N9 or H10N8) viruses or during a pandemic (Organization,
2015; Ortiz et al., 2013; Chen et al., 2014). Severe AI or pandemic pa-
tients present with rapidly progressive pneumonia, leading to acute re-
spiratory distress syndrome or the complication of multiple organ
failure (Gao et al., 2013a; Pan et al., 2016; Chen et al., 2014;
Investigators et al., 2009). Respiratory distress is the most common
cause of death in patients infected by these viruses (Liem et al., 2009;
Gao et al., 2013a). Autopsy or postmortem biopsy studies showed that
extensive diffuse alveolar damage is the most consistent finding, and
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the virus predominantly infected lung parenchyma in H5N1, H5N6,
and H7N9 patients or fatal cases infected by influenza pandemic viruses
(Guo et al., 2014; Gao et al., 2016; Shieh et al., 2010).

In terms of therapy, other than lung protective ventilation for sup-
port for oxygenation, antiviral treatment is an important component
to manage those patients infected with these viruses (Gao et al.,
2013a; Yu et al., 2008; Zhang et al., 2009). However, influenza viruses
mutate readily, and produce drug-resistant strains or unmanageable
stains using vaccine (Govorkova et al., 2013; Hu et al., 2013; Shore et
al., 2013). In addition, in case of lethal influenza infection, antiviral
treatment is needed early to block virus replication and prevent trigger-
ing dysregulation of immune response, thereby abrogating the immu-
nopathology (Wong et al., 2011). Once triggered, the immune-
mediated tissue damage possibly presents limited sensitivity to antiviral
agents (Yen et al., 2005; Govorkova et al., 2009).

C-reactive protein (CRP), a pentraxin, is a marker of inflammation
that has been extensively used in clinical practice. CRP is involved in
the innate immune response by attaching to microorganisms and dam-
aged cellular components via phosphocholine. This leads to comple-
ment activation and phagocytosis. Excessive host immune response
including complement activation has been shown to play a critical
role on pathogenesis of severe influenza infections (US, 2008; Gao et
al., 2013b). Activation of the complement system has been implicated
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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in the development of acute lung diseases induced by highly pathogenic
influenza viruses (Garcia et al., 2013; Sun et al., 2013, 2015). Recent
studies have brought up the idea of CRP to be not only a systemic mark-
er of inflammation but also a mediator in inflammation faci (Thiele et
al., 2015), and indicated that high levels of CRP is a high risk factor of fa-
tality inH7N9patients (Cheng et al., 2015;Wuet al., 2016). However, its
exact physiological roles remain largely unknown, especially in severe
influenza diseases. In this study, we characterized the role of CRP on
pathogenesis of severe infections by influenza A (H5N1, H7N9 or
H10N8) viruses, and indicated a candidate molecule for immunothera-
py of severe influenza infection.
2. Materials and Methods

2.1. Influenza Patients and the Assessment of Patient Sera

Archived serum samples were obtained from local Centers for Dis-
eases Control and Prevention (CDC) participating in the National Influ-
enza Surveillance Network. H5N1, H7N9, H10N8, or H1N1 pdm09
infection was confirmed by reverse transcription polymerase chain re-
action (RT-PCR) or viral isolation according Chinese influenza surveil-
lance guideline. No samples were obtained from patients with
presumptive (clinical diagnosis). Control sampleswere set from 10 nor-
mal donors from poultry workers. The sera CH50 levels were detected
by MicroVue CH40 Eq EIA kit (Quidel, USA) per the kit's protocol. The
sera CRP and C3 levels were tested by Bejing CIC clinical laboratory
using turbidimetric inhibition immuno assay.
2.2. 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 × 104 cells/mL) were seeded one day before infection
in 96-well microtiter plates. Serial semi-logarithmic dilutions of each
virus or samples 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. Dilutions of each virus or sample were added to
MDCK cells (4 wells for each dilution, 100 μL/well). The cells were incu-
bated for 48 h at 37 °C. The contents of each well were tested for hem-
agglutination 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,
whole lung tissues from each mouse were homogenized in 2 mL of
phosphate buffered saline (PBS). The supernatant was sampled after
centrifugation at 3000 rpm for 15 min at 4 °C.
2.3. Viral Infection In Vitro

The infectionwas performed by seeding the paired A-549 and THP-1
cell at a 1:1 cell ratio (100,000 cells each) onto a Transwell insert co-cul-
ture system (SI Appendix Fig. S4). A-549 were seeded onto the lower
chamber of a 12-well plate and THP-1 ontoMillicell hanging cell culture
inserts (0.4 μmpore size; Costar, USA) in 0.5mL ofMEM (supplemented
with 1% BSA and 1% antibiotic-antimycotic solution) with or without
CRP (20 mg/L, BiosPacific, USA) at 37 °C. Another group was set as
that CRP receptor blockers (100-fold diluted monoclonal antibodies
against FcyR-I and FcyR-II; R&D, USA) were added into CRP-treated
cells. The A-549 cells were infected with 0.1 multiplicity of infection
(MOI) of A/Guangxi/1/2010(H5N1) virus. Four duplicates were set for
each infection orMOCKgroup. TheA-54ss9 or THP-1 cells were harvest-
ed for quantitative RT-PCR or immunochemistry detections at 6 h or
24 h post of infection, respectively. All steps were performed in biosafe-
ty level - 3 containment laboratory.
2.4. Mouse Infection

All animal studies were performed according to guidelines approved
by the Investigational Animal Care and Use Committee of the National
Institute for Viral Diseases Control and Prevention of the China CDC.
We performed viral challenge by i.n. inoculation of 105 TCID50 of A/
PR/8/34 (10-fold 50% lethal dose) to anesthetized 6- to 8-week adult fe-
male C57 BL/6 mice in 50 μL PBS. Intraperitoneal administration of 1,6-
bis PC or/and peramivir (Abmole Bioscience, USA)was started 48h after
virus infection. A total of 4 types of treatment regimens (0.1 mM1,6-bis
PC, 0.02 mM 1,6-bis PC, 3 mg peramivir, and 3 mg peramivir plus
0.1mM1,6-bis PC per kg each day) were administered until day 7 post-
infection. Compound 1,6-bis PCwas synthesized in SKS Chem according
to a previous report (Pepys et al., 2006). All compounds were diluted in
TC (0.01MTris plus 0.14MNaCl and 0.002MCaCl2, pH 8.0) buffer. If the
mice lost over 25% of their initial body weight, they were humanely eu-
thanized and necropsied.

2.5. Immunochemistry Assay

An immunochemistry test for detection of influenza A antigen was
performed on the slides with a THP-1 smear by using a polymer-based
colorimetric indirect peroxidase method (ZSBio, China). The THP-1
cells were fixed using 80% acetone. A mouse monoclonal antibody
against the nucleoprotein of influenza A was used (Serotec, UK). For
controls, we used an antibody against nucleoprotein of influenza B
virus in place of the primary antibody.

2.6. RNA Extraction and Quantitative RT-PCR

RNA was extracted from THP-1 or A549 cells using automated RNA
extraction system QIAsymphony RGQ (Qiagen, Germany) with
QIAsymphony RNA extraction kits as per the kit's protocol. To quantify
the influenza viral load, proinflammation cytokine (IL-6 and IP-10), ap-
optosis-associated (TRAIL and FAS) gene, C5a receptor (C5aR1 and
C5aR2) and CRP receptor (FCGR2 and FCGR3) mRNA levels, a quantita-
tive real-time RT-PCR was performed on a real-time PCR detection sys-
tem (Agilent Technologies Inc., Santa Clara, CA). The primer and probe
sets were described in our previous report (Gao et al., 2013b) or from
commercial products (Hs02375669, Hs01906226, Hs04206243,
Hs04211858; Life Science Technologies, USA).

2.7. Histopathology and Immunohistochemistry

Routine hematoxylin and eosin stainingwas used for histopathology
evaluation. For immunohistochemistry, 4 μm deparaffinized formalin
fixed paraffin embedded sections were stained with monoclonal anti-
body against CRP (Abcam, USA), CD20cy (Dako Denmark), CD8 (Dako
Denmark) and complement C5a (Abcam, USA) by using a polymer-
based colorimetric indirect peroxidase method (ZSBio, China).

2.8. Mouse CRP, Lactate Dehydrogenase B, and Creatine Kinase-MB Assay

Mouse CRP, lactate dehydrogenase B (LDHB) and creatine kinase-
MB (CK-MB) levels in mice sera were determined using enzyme-linked
immunosorbent assay according to the manufacturer's instructions
(CRP detection kit from R&D system, USA; LDHB and CK-MB detection
kits from Dldevelop, China).

2.9. Statistical Analysis

Statistical analysis was performed using Instat software (Version 5.0,
GraphPad Prism). Statistical significance was determined by Mann-
Whitney U test or Kruskal-Wallis, Pearson's correlation or nonparamet-
ric t-test. Differences were considered significant at p b 0.05 with two-
tailed testing.
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3. Results

3.1. CRP Levels may be Linked to the Severity and Lethality of Avian Influen-
za Infection

Serum samples were collected from total of 47 severe patients in-
fected with H5N1 (n=23), H7N9 (n=21) or H10N8 (n=3) avian in-
fluenza viruses. Twenty-six subjects died: 14 ofH5N1, 10 ofH7N9, and 2
of H10N8 cases. The other 21 survivors required intensive care. Median
age of patients was 21 years (range, 2–62) in H5N1, 55.5 years (range,
24–67) in H7N9, and 64 years (range, 55–75) in H10N8. In addition,
Fig. 1. Serum levels of CRP in patients with severe infection with avian influenza A viruses. (A)
were collected from one dead H10N8 patients or one survivor with H10N8 infection, respective
(The three samples were collected at day 7, 9, or 15, respectively), mild H1N1 pdm09 patients o
during the acute stage (b14 days after illness onset). Error bars represent mean with SEM. Man
***p b 0.001.
sera of mild influenza patients were involved from 10 adult outpatients
infected with H1N1 pdm09. Control sera were set from 9 normal
healthy adult volunteers (SI Appendix Table S1).With the development
of illness duration, the kinetics of CRP showed that CRP levels might be
linked to the severity and lethality of avian influenza infection in H5N1,
H7N9 or H10N8 patients (Fig. 1A). Compared to H1N1 pdm09 patients
with mild illness or healthy controls, remarkably increased serum CRP
levels were detected in those patients with avian influenza (Fig. 1B).
In addition, except for no case number for comparable analysis in
H10N8 patients, CRP levels were much higher in H5N1 or H7N9 de-
ceased patients than in survivors (Fig. 1C).
The graphs depict the kinetics of serum CRP in H5N1, H7N9 or H10N8 (Sequent samples
ly) survivors or fatal cases over different durations. (B) CRP levels in H5N1, H7N9, H10N8
r healthy volunteers. (C) CRP levels in fatal cases or survivors infectedwith H5N1 or H7N9
n-Whitney U test was performed to assess statistical significance, *p b 0.05, **p b 0.01 and
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3.2. Complement was Activated with Highly Levels in Avian Influenza
Infections

Complement activation present in avian influenza A (H5N1, H7N9,
H10N8) infections. Serum CH50 levels were significantly decreased in
those avian influenza patients when compared to patients infected
with H1N1 pdm09 or healthy volunteers (Fig. 2A). In addition, CH50
levels were much lower in fatal cases than in survivors with H5N1 or
H7N9 (p b 0.05) (Fig. 2B). C3,whose activation is part of the classic path-
way of complement (Muller-Eberhard, 1986), was significantly de-
creased in those H5N1 or H7N9 patients when compared to healthy
controls (Fig. 2C), indicating activation of complement system with
high levels in these infections. The levels of C3 exhibited no significant
difference between fatal cases and survivals of those patients with
avian influenza (p N 0.05) (Fig. 2D), suggesting that other alterable fac-
tors may be involved in the process.

3.3. CRP Levels Correlated With Complement Activation in Avian Influenza
Infections

As shown in Fig. 3, the CRP levels presented slightly negative
correlation with CH50 levels in sera of H5N1or H7N9 avian influen-
za patients, or remarkably negative correlation with CH50 levels in
sera of H10N8 avian influenza patients during acute stage of illness
(b day 14 after illness onset). The kinetic of CRP and CH50 presented
relatively opposite way in sequential samples of H5N1, H7N9 or
H10N8 patients (Fig. 3D). In addition, to determine possible immu-
nopathology associated with CRP, we performed several tests on
autopsy lung tissues of H5N1 fatal cases. As previous reports have
shown, lung sections of fatal cases with H5N1 infection showed
Fig. 2. Complements CH50 and C3 levels in sera of patients with severe infection with avian infl
or healthy volunteers. (B) CH50 or C3 levels in fatal cases or survivors infected with H5N1 or
standard error of the mean (SEM). Mann-Whitney U test was performed to assess statistical si
intra-alveolar edema, interstitial hemorrhages, necrosis of alveolar
line cells, focal desquamation of pneumocytes in alveolar spaces,
and mononuclear inflammatory cell infiltrates (Fig. 4A). Immuno-
histochemistry staining showed that extensive CRP+ cells were
frequently seen in lung sections of H5N1 or H5N6 fatal cases
(Fig. 4B,C). In addition, complement C5a deposition, and both B
lymphocytes (CD20cy+) and cytotoxic T lymphocytes (CD8+)
were scatted in alveolar of H5N1 (Fig. 4D–F) or H5N6 fatal case as
reported previously(Gao et al., 2016).
3.4. CRP Enhanced Inflammatory Response of Immune Cells and Apoptosis
of Infected Cells

To define the effect of CRP in the progress of avian influenza virus in-
fection, we used the Trans-well insert co-culture system with mono-
cytes THP-1 and pneumocytes A-549. A-549 cells were infected with
H5N1 virus in the system while treated with or without CRP and/or
CRP receptors blockers. The results showed that H5N1 infection boosted
expression of CRP receptors (FcyR2 and FcyR3) as well as C5a receptors
(C5aR1 and C5aR2) significantly in A-549 cells (Fig. 5A). CRP treatment
increased the viral load in THP-1 cells (Fig. 5B). Consistently, immuno-
chemistry staining showed much more influenza virus phagocytosed
in THP-1cells with CRP treatment than without CRP treatment (Fig. 5
C). Correspondingly, CRP treatment increased the mRNA expression of
proinflammatory factors IP-10 and IL-6 in THP-1cells at 6 h or/and
24 h post infection (Fig. 5D–G), and elevated mRNA levels of apoptosis
genes (FAS and TRAIL) in infected A-549 cells at 24 h post infection
(Fig. 5H, I). In contrast, these effects can be interrupted by CRP blocker
(Fig. 5B–H).
uenza A viruses. (A) CH50 or C3 levels in H5N1, H7N9, H10N8, mild H1N1 pdm09 patients,
H7N9 during acute stage (b14 days after illness onset). Error bars represent mean with
gnificance, *p b 0.05, **p b 0.01 and ***p b 0.001 (two-tailed test).



Fig. 3. Correlations between CRP and CH50 in avian influenza infections. Correlations between serum CRP and CH50 levels in patients infected with H5N1 (A), H7N9 (B) or H10N8 (C)
during the acute stage (b14 days after illness onset). The Pearson correlation coefficients (r) and p values are provided in each graph. (D) Kinetics of CRP and CH50 serum levels in
sequential samples from patients infected with H5N1, H7N9, or H10N8.

Fig. 4. Histology and immunopathology of lung sections from H5N1 or H5N6 fatal cases. (A) Pulmonary histopathology in representative lung sections of H5N1 fatal patient (H&E).
Immunohistochemistry for CRP + pulmonary cells (black arrows) in representative lung sections of H5N1 (B) and H5N6 (C) fatal cases. (D) C5a + pulmonary cells (black arrows), (E)
CD20cy + lymphocytes (black arrows), (F) CD8+ (black arrows) lymphocytes in representative lung sections of patients infected with H5N1. A normal lung tissue as negative control
for CRP (G), C5a (H), and CD20cy or CD8 staining (I). Original magnification: ×10 (A, G, H, I), ×20 (B, C), ×40 (D–F).
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Fig. 5. CRP and C5a receptors expression, viral load and host response in H5N1 infected cells. (A) Elevated CRP or C5a receptors mRNA expression in infected A-549 cells. B) Elevated viral
load in infected-THP cells with CRP treatment. (C) Original magnification: ×50. More influenza nucleoprotein staining (in brown) in infected-THP cells with CRP treatment (left panel)
than without CRP treatment (right panel). Elevated proinflammatory factors IP-10 and IL-6 mRNA levels in THP-1 cells with CRP treatment 6 h postinfection (D, E) or 24 h
postinfection (F, G). Apoptosis-associated gene FAS and TRAIL mRNA levels showed elevated in A549 cells with CRP treatment 24 h postinfection (H, I). Unpaired t-test was performed
to assess statistical significance, *p b 0.05, **p b 0.01, and ***p b 0.001 with a two-tailed test.
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3.5. Compound 1,6-Bis PC Improved the Severity and Mortality of Infection
With Lethal Influenza Virus in Mice

Monomeric CRP (mCRP) is considered to be the inflammatory deriv-
ative of circulating pentameric CRP (pCRP). The stabilization of pCRP
with 1,6-bis(phosphocholine)-hexane (1,6-bis PC) abolishedmCRP for-
mation and deposition in vivo (Thiele et al., 2014). CRP levels were in-
creased significantly in sera of mice infected with PR8 virus at day 3 of
infection. The high CRP levels were sustained at day 5 or 7 of infection
(Fig. 6A). To determine the role of CRP in progression of severe influenza



Fig. 6. 1,6-bis PC reduce the severity andmortality of lethal influenza infection inmice. C57 bl/6 mice were injectedwith 1,6-bis PC or/and peramivir, or TC buffer as a vehicle control 48 h
after i.n. inoculation of phosphate buffered saline (PBS) or A/PR/8/34 live virus (105 TCID50). (A) Sera CRP kinetics in TC buffer treatedmice. n=3 to 4mice per time point (mean± SEM).
*p b 0.05, **p b 0.01 (two-tailed t-test) when comparing 1 day postinfection. (B) Sera CRP levelswere assessed 5 days postinfection.n=3 to 4mice per group (mean± SEM). *P b 0.05, **P
b 0.01 (two-tailed t-test). (C) Kaplan-Meier survival curveswere recorded. n=5mice for PBS challenged group, n=20 for every other group. *p b 0.05, ** p b 0.01, ***p b 0.001 (log-rank
test) when comparing the peramivir group/1,6-bis PC(L) group. (D)Weight loss was recorded for all survived mice until 21 days postinfection. (E) Representative lung histopathology of
PR8 or PBS challenged mice with or without 1,6-bis PC or/and peramivir treatment at day 7 post of infection. The infiltration of inflammatory cells (black square arrow) and hyaline
membrane formation (black arrow) were presented in lung sections. Original magnification: ×10. Each experiment was repeated at least three times.
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disease, compound 1,6-bis PCwas used to treat the C57 bl/6mice infect-
ed with lethal influenza virus PR8. TC (0.01M Tris plus 0.14MNaCl and
0.002 M CaCl2, pH 8.0) buffer or neuraminidase inhibitor peramivir
treatment for placebo or antiviral therapy groupwas set on respectively.
Compared to TC treatment, sera CRP levelswere remarkably inhibited in
infected mice with treatment of 1,6-bis PC, peramivir, or 1,6-bis PC plus
peramivir. CRP levels presented lower in high dose of 1,6-bis PC (1,6-bis
PC(H)) group than in low doses of the 1,6-bis PC (1,6-bis PC(L)) group,
or in the 1,6-bis PC plus peramivir group than in the peramivir group at
day 5 of infection(Fig. 6B). Compared to the TC-treated group, the mice
mortality rate was significantly improved in 1,6-bis PC(H), 1,6-bis
PC(L), peramivir, or 1,6-bis PC plus peramivir treatment group (p b

0.001) (Fig. 6C). The improved mortality rate was better with 1,6-bis
PC(H) or 1,6-bis PC plus peramivir treatment than with peramivir or
1,6-bis PC(L) treatment. In addition, weight loss orweight recovery pre-
sentedmilder or earlier in the 1,6-bis PC(H) or 1,6-bis PC plus peramivir
group than in other groups (Fig. 6D).

Virus shedding was detected in lung tissues of inoculated mice at
day 3 or 7 postinfection. The results showed that the viral titers had
no significant difference in lungs at day 3 postinfection among those
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different groups. However, the viral titers were decreased in the1,6-bis
PC(H) or 1,6-bis PC plus peramivir treated group compared to TC or the
1,6-bis PC(L) group at day 7, and presented lower levers in the 1,6-bis
PC plus peramivir group than in the single peramivir treatment group
(Fig. 6E). In microscopic pathology, lethal influenza virus PR8 infections
resulted into pneumonia, pulmonary bronchitis, and diffuse alveolar
damage in lungs of infected mice (Fig. 6F). Compound 1,6-bis PC (H)
treatment improved the pathological lesions remarkably. The inflam-
matory damages present as localization in 1,6-bis PC (H) treated mice
instead of appearing diffuse in TC treated mice. In comparison,
peramivir or 1,6-bis PC(L) treatment slightly improved the pathological
damages. Compared to the TC group, the infiltration of inflammatory
cells presented decreased, and edema changes were slightly alleviated.
The pathological lesions showed moderate improvement in lungs of
peramivir plus 1,6-bis PC treated mice. No histologic significant differ-
ences were found in heart tissue among infected-mice or PBS-chal-
lenged-mice (data not shown).

Compared to the PBS-challenged group, the levels of CK-MB isoen-
zyme have not significant differences in sera of infected mice with dif-
ferent treatment regimens including the TC control group (SI
Appendix Fig. S1). However, LDHB levels presented significantly de-
creased in TC treatedmicewhen comparing PBS challengedmice (SI Ap-
pendix Fig. S2A). Compounds 1,6-bis PC or peramivir treatment
restored the LDHB levels of infected mice (SI Appendix Fig. S2B). LDHB
levels were higher in the 1,6-bis PC(H) group than in other groups at
5 days postinfection although no statistical difference was seen among
the different treatment groups. Except for the 1,6-bis PC(H) group, sig-
nificantly decreased levels of LDHB were present in other treatment
groups when comparing PBS-challenged group (SI Appendix Fig. S2B).
LDHB levels were significantly negatively correlated with CRP levels
(SI Appendix Fig. S2C). Further analysis showed that LDHB levels were
significantly negative correlated with the weight changes of mice until
5 days postinfection in the TC group (SI Appendix Fig. S3A). In com-
pound treatment groups, LDHB levels also presented significant correla-
tion with the weight loss of mice at 5 or 7 days postinfection but not at
3 days postinfection (SI Appendix Fig. S3B–D).

4. Discussion

Our data established an important role of CRP in the pathogenesis of
avian influenza A (H5N1, H7N9 or H10N8) infections. Although highly
pathogenic avian influenza virus infections have a different epidemiolo-
gy, themost common cause of death is respiratory distress causedby se-
vere alveolar damage in infected patients. Innate host response plays a
key role in the pathogenesis of severe avian influenza diseases (Liu et
al., 2016; Darwish et al., 2011; US, 2008). Previous studies suggested
that anaphylatoxin C5a has been implicated in the pathogenesis of
ARDS by mediating neutrophil attraction, aggregation, activation, and
subsequently pulmonary endothelia damage (Wang et al., 2015; Tate
and Repine, 1983; Sacks et al., 1978). Animal experiments showed
that C5a inhibition can partially alleviate the pathogenicity of H5N1 or
H7N9 infection (Sun et al., 2015, 2013). Our study showed that CRP cor-
related with complement activation in patients with severe avian influ-
enza (H5N1, H7N9 orH10N8). The C5a depositionwas extensive in lung
tissues of fatalH5N1 cases. Globally, the biological role of CRP after bind-
ing to ligands is to trigger the complement pathway (Pepys and
Hirschfield, 2003; Lelubre et al., 2013). CRP is recognized by comple-
ment protein C1q and potently activates the classic complement path-
way, engaging C3, and the main molecule of adhesion of the
complement system (Lelubre et al., 2013; Agrawal et al., 2001). CRP lo-
cated upstream of immunemediation would be a better immunemedi-
ator than C5awhen designing a candidatemolecule for immunotherapy
for severe avian influenza diseases.

Our data indicated that CRPmay be associated with tissue lesions. In
addition to hepatic synthesis (Pfafflin and Schleicher, 2009), CRP can be
synthesized by lung cells (e.g. epithelial cells, lymphocytes) (Ramage et
al., 2004; Marc et al., 2004). However, local production in extrahepatic
synthesis of CRPmaybe a process of localized inflammation and amark-
er for local cellular damage (Juma et al., 2011). Tissue studies have
shown that extensive diffuse alveolar damage is themost notably histo-
logical feature in severe fatal cases with avian influenza infection. The
alveolar damage was accompanied by extensive diffusion, although
the distribution of virus was scattered or rare in lung tissue of fatal
cases (Nakajima et al., 2013). Excessive host response including virus-
induced cytokine dysregulation contributed to the pathogenesis of se-
vere influenza disease (Lee et al., 2009; Gao et al., 2013b; Narasaraju
et al., 2011). In this study, CRP+ cells presented extensive distribution
in lung tissues of H5N1 or H5N6 fatal cases in addition to higher CRP
levels in fatal cases. In addition, CRP enhanced induction of proinflam-
matory factors in THP-1 cells, and increased the expression of apoptosis
gene in H5N1-infected A-549 cells in the Transwell insert co-culture
system.

Inflammation is a time-dependent process, usually starting locally,
and is recognized centrally via blood-borne mediators (Pfafflin and
Schleicher, 2009). Generally, proinflammatory cytokines appear within
1 h after the start of infection, and synthesis of CRP starts 6 to 8 h after
onset (Pfafflin and Schleicher, 2009). CRP is produced in response to
stimulation by proinflammatory factor (e.g. IL-6, tumor necrosis factor
alpha, interferon gamma, or IL-1) (Ramage et al., 2004; Lelubre et al.,
2013). Previous reports have shown that both IL-6 and IP-10 have sig-
nificantly higher levels in H5N1 or H7N9 patients compared with
healthy volunteers (Zhou et al., 2013; Deng et al., 2008), andmay repre-
sent a candidate molecule for immunotherapy in the setting of severe
respiratory tract infection (Mok et al., 2014; Zeng et al., 2005). The levels
of elevated cytokines were positively related to viral load in patients
during acute duration (de Jong et al., 2006; Sirinonthanawech et al.,
2011). In this study, CRP enhanced phagocytosis of THP-1 cells to infect-
ed virus in a co-culture system with H5N1 infection, and elevated the
expression of the detected IL-6 and IP-10 in THP-1 cells. Hence, CRP
may relate to deteriorated inflammation as well as tissue lesions in se-
vere influenza infection when a high viral load is produced in individ-
uals with lethal influenza infection.

Additionally, we found that enhanced CRP levels were correlated
with downregulated expression of LDHB in sera of infected mice. The
function of LDHB, which is consistent with an increased glycolytic phe-
notype, is required to maintain cell growth (Drent et al., 1996;
McCleland et al., 2013). In normal tissues, LDHB is expressed in the
liver, red blood cells, kidney, and heart. Its inhibitionmay have deleteri-
ous consequences including correlating with unfavorable survival dis-
eases (Dawson et al., 1964; Markert et al., 1975; Chen et al., 2015). In
this study, high doses of compound 1,6-bis PC treatment slightly re-
stored the levels of LDHB in sera of infectedmice whereas PR8 infection
decreased LDHB level in mice. In addition, down-regulated LDHB levels
correlated with increased weight loss of infected mice. Therefore, CRP-
mediated immune response involved multiple sites, worsening the se-
verity of lethal influenza infection.

Animal experiments showed that 1,6-bis PC can improve the sever-
ity of illness andmortality of mice infectedwith lethal influenza virus in
this study. Compound 1,6-bis PC, a derivative of CRP-ligand
phosphocholine, can prevent dissociation of pCRP, and subsequently in-
hibit the generation and proinflammatory activity of mCRP. A previous
study has showed that 1,6-bis PC can inhibit mCRP deposition and in-
flammation in rat myocardial infarction (Thiele et al., 2014). In the cur-
rent study, intraperitoneal 1,6-bis PC treatment lightened the
inflammatory lesions in lung tissues of mice infected with lethal influ-
enza virus while reducing the production of CRP. In contrast, 1,6-bis
PC treatment alleviated the mortality of infected mice significantly,
and improve weight loss and recovery in mice. Therefore, CRP may be
a target for management of severe influenza diseases.

Neuraminidase inhibitors (NAI) are themost frequently used antivi-
ral drug formanagement of influenza infection. EarlyNAI treatmentwas
associated with shorter illness duration, and is most beneficial when
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treatment started within 2 days of illness onset (Lee et al., 2015). How-
ever, except for induction of resistant strains, NAI treatment can not re-
verse the immune mediated tissue damage triggered by infection.
Peramivir used in this study is an effective NAI against a variety of influ-
enza A and B subtypes. The results suggested that both 1,6-bis PC and
peramivir can improve mortality and illness severity in mice infected
with lethal influenza infection. However, high-dose treatment of 1,6-
bis PC had better efficiency than peramivir; combinated treatment
with 1,6-bis PC and peramivir yield even better efficiency. Previous
studies suggested that lethal dissemination of influenza virus is associ-
ated with dysregulation of inflammation (Cilloniz et al., 2010), and im-
mune mediated tissue damage may present limited sensitivity to
antiviral agents after a robust host innate immune response was trig-
gered (Sidwell et al., 1999; Yen et al., 2005; Govorkova et al., 2009).
Our results indicated that CRP may link to proinflammatory mediators
contributing to activation of complement and boosting inflammatory
response in severe influenza infections.

Although additional mechanistic studies are needed, our data shows
that virus initiates the expression of proinflammatory cytokines-stimu-
lated CRP after influenza infection begins. Then, CRP enhances phagocy-
tosis of immune cells, and activates a series of innate immunoresponses,
including complement activation, aggravation of inflammation re-
sponses, and apoptosis induction. That may be why high concentration
of CRP induces exacerbated immunoresponse toward overt pulmonary
inflammation, which leads to alveolar damage and respiratory failure.
Importantly, our data identify CRP stabilizer as a potential mode to alle-
viate mortality in individuals infected with lethal influenza viruses.
These observations provide a biological mechanism for immunopatho-
logical lesions of severe avian influenza diseases, and indicated a candi-
date molecule for immunotherapy.
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