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Anti-lFN-y therapy alleviates acute lung injury induced by severe

influenza A (HIN1) pdmOQ9 infection in mice
Abstract

Background/purpose: Severe infection with influenza A(H1N1)pdmO9 viisscharacterized
by acute lung injury. The limited efficacy of awtral drugs indicates an urgent need for
additional therapies. We have previously reporteat heutralization of gamma interferon
(IFN-y) could significantly rescue the thymic atrophy ucdd by severe influenza
A(H1IN1)pdmO09 infection in BALB/c mice. A deeper mstigation was conducted into the
influence of neutralizing IFN-to the BALB/c mice weight, survival rate, and lungury.
Methods: The BALB/c mice was infected with severe influedg&1N1)pdm09. Monoclonal
antibodies against IFM-were injected into the abdominal cavities of thé&en After
neutralization of IFNy occurred in mice infected by severe\ influenzad®{1)pdm09,
observing the influence of neutralizing IRNeo the BALB/c mice weight, survival rate, lung
injury.

Result: Our results here showed that anti-IiKkerapy alleviated the acute lung injury in this
mouse model. Neutralization of IFNled to a significant reduction in the lung micregalar
leak and the cellular infiltrate in the lung tisswnd also improved the outcome in mice
mortality. Several pro-inflammatory cytokines, inding interleukin (IL)-1,, tumor necrosis
factor (TNF)e. and granulocyte-colony stimulating factor (G-CS#)the bronchoalveolar
lavage fluid (BALF), and the chemokines includingGSF, monocyte chemoattractant
protein-1 (MCP-1) in serum samples were found tsigeificantly reduced after anti-IFiN-
treatment.

Conclusion: These results suggested that H-Nlays an important role in acute lung injury
induced by severe influenza A(H1N1)pdmO9 infectiand monoclonal antibodies against
IFN-y could be useful as a potential therapeutic renfiedfuture influenza pandemics.
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Introduction

During the spring of 2009, the emergence of a pandstrain of influenza A (HLIN1) was
originally seen in Mexicb Pandemic novel swine-origin influenza A (H1IN1jug (S-OIV)
contains a combination of genes from influenzasgsupreviously known to circulate in pigs,
birds, and humans It can cause severe pneumonia and even acut@atesp distress
syndrome (ARDS), which is reported to be the predamt cause of death.

The immune mechanism by which influenza A virugation induces the tissue injury to
the host is complicated. Some evidence indicatasttie main cause of serious illness and
even death is the occurrence of excessive immusgonse and aggressive inflammatory
response in some patiefitsAfter the influenza virus invades the respiratwact epithelium,
immune response of the host is triggered by theass of cytokines and chemokines, which
results in the infiltration of abundant macropha@esl neutrophilic granulocytes and the
activation of a large number of T cells, followegthe excessive production of inflammatory
cytokines, which is called a cytokine storm. Thiskinown as one of the major factors
inducing serious iliness and even death, from thanBh influenziin 1918 to influenza
A(HIN1) virus in 2009 to H5N1 avian influenZaand H7N9 avian influenzh Previous
clinical reports have indicated that inflammatomsponse, including overproduction of
cytokines and chemokines, was involved in the patho of severe 2009 pandemic
influenzd® Our previous results showed that severe influed@d1N1)pdmO09 infection
induces thymic atrophy through activating innate8CE)CD44(hi) T cells by upregulating
interferon (IFN)¥'%. Therefore, we studied the role of IRNA acute lung injury induced by
severe influenza A(H1N1)pdmO9 infection. The coneat implications were caused by

neutralizing IFNy in the process of severe influenza A(HLN1)pdmeatment.



Materialsand Methods

Mice, virus, and infection

Female 4-week-old, specific pathogen-free BALB/cenivere obtained from the Institute of
Laboratory Animal Sciences (Beijing, China). The flianza A virus strain
A/California/07/2009 (H1IN1v) was used in this stulljice were anesthetized and inoculated
intranasally with virus (10TCIDs, in 50 pl) as described in our previous reportekimouse
experiments and live-virus experiments were peréanin Biosafety Level 3 facilities
following governmental and institutional guidelingst the defined time points, the lung,
peripheral blood and BALF were analyzed as desdribelow. All animal experimental
protocol were evaluated and approved by the Instii Animal Use and Care Committee of
the Institute of Laboratory Animal Science of PekinUnion Medical College
(ILAS-PL-2012-009).

Neutralization of IFN-y in vivo

For neutralizing endogenous IEN-mice were either intraperitoneally injected witte rat
anti-mouse IFNy monoclonal antibody (mAb; R4-6A2; eBioscience) awith
phosphate-buffered saline (PBS) as a control. Adib (0.25 mg per mouse) was
administered starting on day 1 before virus intetti

Survival rate and body weight changes

Female 4-week-old BALB/c mice of the IFNneutralization and PBS control groups were
treated intranasally with £0rCIDs, in 50 pl of virus diluent. The survival percentagend
body weights in each group of ten mice were moadataily for 14 days. Survival data were
analyzed by Kaplan-Meier survival analysis usingi@iPad Prism 5 software.

Histological examination

Lung tissues were fixed in 10% neutral-bufferednfalin for 24 h and subsequently
embedded in paraffin. Lung sections (4—6 um) fran-mfected and 3-days post-infection
(dpi) mice were deparaffinized and hydrated usigiene and an alcohol gradient. The
sections were then stained with hematoxylin andne@4&E) for the assessment of general
histopathology.

Virustitrations

The homogenized lung tissues were collected fromig& on day 3 after inoculation, and
virus titrations were performed by end-point timatin Madin-Darby canine kidney (MDCK)
cells as described previously.

Analysisof BALF

The lungs were lavaged with 2 ml of PBS. The BAL&swentrifuged 3000 rpm at 4°C for 10
minutes, and the supernatant was collected aneds&ir-80 °C for further analysis.

M easurements of lactate dehydrogenase (LDH) in BALF

The CytoTox 96® Non-Radioactive Cytotoxicity Ass@romega, Madison, WI, USA) was
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used to measure LDH in BALF according to the mactuf®r’s guidelines.

Cytokine and chemokine measurementsin BALF and serum samples

For cytokine and chemokine measurements,BAeF and serum samples were processed
using the Bio-Plex Pro Mouse Cytokine 23-Plex paarehys (Bio-Rad Laboratories) and
detected using the Bio-Plex Protein Array Systeno-ad Laboratories) according to the
manufacturer’s instructions.

Satistical analysis

The data were analyzed using GraphPad Softwarep®Besd Prism 5, GraphPad Software,
Inc., La Jolla, CA, USA) and are presented as thearmz* standard deviation (SD).
Statistically significant differences were asseas®dg an unpaired two-tailed Studertttest.

P values<0.05 were considered statistically significant.



Result

Neutralization of IFN-y improved symptoms in the BALB/c mice infected by severe
influenza A(HIN1)pdmOQ9

Our previous experiments showed that severe inflae A(HLN1)pdm09 infection
aggravated acute lung injury and led to progresgiyaic atrophy. Innate CD8(+)CD44(hi)
single-positive (SP) thymocytes secreting a largount of IFNy resulted in thymocyte
apoptosis. We conducted a deeper investigationti@anfluence of neutralizing IFM+to the
BALB/c mice weight, survival rate, and lung injury.

The day before infection of BALB/c mice with seveirg#luenza A(H1N1)pdmO09,
monoclonal antibodies against IFNwere injected into the abdominal cavities of thiean
Three days after infection, compared with the nmdedted and influenza virus-infected
groups, neutralization of IFNM-ed to a significant reduction of IFjNin the BALF (Figure
1A). The results showed that anti-IFNzould significantly reduce the expression of It
the abdominal cavities of the mice. Of ten influenvirus-infected mice, all were fatal after
the first six days of infection. However, the sualirates of the anti-IFN-group were 20%
(Figure 2A). Additionally, the anti-IFN-group began the restoration of weight after th&t fi
eight days of infection (Figure 2B). The above hssshowed that neutralization of IFN-
partially improved symptoms in the BALB/c mice infed by severe influenza
A(H1IN1)pdm09 and survival rates.

Neutralization of IFN-y could relieve lung bleeding and the infiltration of inflammatory
cells

The lung bleeding and infiltration of inflammatorglls are the main features of lung injury.
Therefore, we detected whether neutralization &f-Jcould relieve the above symptoms.
After the first three days of infection, the mosbminent feature of the anti-IFiNgroup was
relieving the bleeding and lesions in BALF (Figusd). Compared with the influenza
virus-infected group, lung tissue sections staiogtHE indicated that neutralization of IFN-
reduced the infiltration of inflammatory cells, theid exudation in bronchial lumen, and the
bleeding (Figure 3B). The LDH activity reflects lcdamage and necrosis. In this study, we
detected the LDH activity of BALF in the non-infedi influenza virus-infected, and
anti-IFN-y groups, respectivelyLhe results showed that the activity of LDH in Hrei-IFN-y
group was lower than that in the influenza virueated group, presenting a significant
difference (P<0.05). However, the activity of LDH the anti-IFNy group was higher than
that in the non-infected group (Figure 3C). Thevabesults indicated that neutralization of
IFN-y ameliorated acute lung injury in mice infectedhngevere influenza A (HLIN1) pdm09.
IFN-y was one of the factors that mediated acute lupgyinn mice. The virus titers of the
influenza virus was detected by using lung homotgenarhere was no difference in the

virus titers capacity between the influenza vimfg¢ted and anti-IFN-groups (Figure 3D).
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The results showed that neutralization of WNyad nearly no influence on the virus
replication of infection sites.
Neutralization of IFN-y led to a significant reduction of granulocyte-colony stimulating
factor (G-CSF) and monocyte chemoattractant protein-1 (M CP-1) in peripheral blood
The increasing number of cytokines and chemokiney mesult in the overproduction of
neutrophilic granulocytes and monocyfe€Excessive inflammatory response can lead to lung
injury and more severe illness, as the influenzasvviolates the lung. It has previously been
reported that hyper cytokinemia is involved in tpathology of the severe 2009 pandemic
influenzd. In an effort to further clarify the cause of luirgury, we profiled 20 cytokines and
chemokines from the serum samples of mice. Thdtsesluiowed that the G-CSF concentration of
peripheral blood in the influenza virus-infectecbgp (2400+534.5 pg/ml) was significantly
higher than that in the anti-IFN-group (1083+216.9 pg/ml) (Figure 4A). Comparedhwibe
anti-IFN-y group (555.41£54.53 pg/ml), the MCP-1 concentratainperipheral blood notably
increased in the influenza virus-infected group5(8%125.1 pg/ml) (Figure 4B). There was no
difference between the influenza virus-infectedugrand the anti-IFN-group when detecting the
other cytokines in the peripheral blood (Figure .4C)
Neutralization of I|FN-y led to a significant reduction of G-CSF in BALF
The concentration of 20 cytokines and chemokinesevedso detected in BALF. The results
showed that the G-CSF of BALF in the influenza siofected group (1,566+51.61 pg/ml) was
significantly higher than that in the anti-IFNgroup (1,304+54.45 pg/ml). However, no difference
in the MCP-1 concentration of both groups was fol@ammpared with the influenza virus-infected
group (182.1+7.193 pg/ml), the concentration of TiNfnflammatory cytokines) was reduced in
the anti-IFNy group (153.9+7.229 pg/ml). Compared with the iefima virus-infected group, the
anti-IFN-y group exhibited significant reduction of cytokinesch as IL-i, IL-2, IL-13, eotaxin,
and keratinocyte chemoattractant (KC), but showed amemse of cytokines, including IL-5,
IL-12 (p40), MIP-B (Figure 5A) However, there were no differences in any ofdyimkines in
either grougFigure 5B)

Above all, after neutralization of IFN-occurred in mice infected by severe \ influenza
A(HIN1)pdmO09, the reduction of lung bleeding andlaimmatory cell infiltration was
observed, while some kinds of pro-inflammatory &jtes and chemokines, such as G-CSF,

were decreased in both peripheral blood and BALF.



Discussion

The main result of this study of well-infected miadth acute lung injury secondary to
A/California/07/2009 (H1N1v) infection was that mealization of IFNy can alleviate acute
lung injury in mice. Monoclonal antibodies againBiN-y were actually associated with
significantly better outcome and a lower risk ofrtatity (Figure 2B). This positive effect
was apparent when detecting lung bleeding andntfiiation of inflammatory cells (Figure
3A, 3B). Given the positive effect of using antN¥f in acute lung injury associated with
influenza A(H1N1)pdmQ9, our results are of potdntigortance for clinical practice.

The article, published in Nature-Biotechnology 009, indicated that HIN1 influenza A
virus bound to not only the-2,6 sialic acid receptors on the respiratory egitim of the
nasal cavity and throat but also the,3 sialic acid receptor in alveolar epitheliallsef
deep lung. In contrast, seasonal influenza virusicconly bind to thea-2,6 sialic acid
receptors on the epithelial cells of the upperiragmpy tract, but do not have the ability to
bind to thea-2,3 sialic acid receptors on the epithelial celishe lower respiratory tract
The lung tissue of BABL/c mice could express baheptors, which resulted in the HIN1
influenza A virus invading the lung and inducingnemne injury. Our previous study showed
that influenza A(HLN1)pdmQ9 can be translocatetthéothymus via dendritic cells (DCs) and
subsequently activate innate CDB8 cells to swiftly initiate proliferation and sete high
quantities of IFNy, which mediates thymocyte apoptosis and thymiopdiy*®.

The existence of activated innate &€D cells in the thymus is crucial and might lead to
organ destruction via secreting large amounts d6f}#*2 Neutralization of IFNy could
significantly rescue the atrophy and the depletidndouble-positive (DP) thymocytEs
There is no evidence to suggest that fFNas a protective or damaging function on mice
infected by H2N2 influenza virdd However, neutralization of IFN- could relieve
inflammatory cellular infiltration in the lung tise of mice infected with the H3N1 influenza
virus®. IFN-y gene knockout mice indicated that IFNRad a protective effect against
re-infection of influenza virds. The results of a pulmonary pathological slidedgtwf
patients who had died from severe A(H1N1) influewraus suggested that there was a
significant increase in the number of CDBcells and the expression of TLR-3, IFNand
granzyme B. The increasing expression of IRNsccurred in the peripheral blood of severe
flu cases, but the increasing expression of {FhNas not found in both light flu cases and
normal control&. The function of IFNy in the lung injury caused by severe flu remained
ambiguous. Our results here showed that anti4RNerapy alleviated not only the thymus
injury but also the lung injury in this mouse moded also improved the outcome in mouse
mortality. No significant changes were found in tihfluence of virus replication.

Neutralization of IFNy led to a significant reduction in lung bleedingdathe cellular



infiltration of the lung tissue, and inflammatorytokines, such as TNE&; decreased. IFN-
was initially confirmed by our laboratory as onetbé factors inducing the lung injury of
mice with severe influenza A(HLN1)pdmOQ9 .

G-CSF plays a role in maintaining and regulating thumber and function of
neutrophilic granulocytes and was produced by endgios, TNFe, and IFNy to activate the
monocyte and macrophage. The partial animal exmetsnshowed that G-CSF could
enhance the function of neutrophil granulocytes metlice their apoptodfs Some studies
have also found that G-CSF could induce cells ggmg superoxide anion free radicals,
while improving the phagocytic ability of neutropbigranulocytes to increase cytotoxiéty
Our research showed that lung bleeding and thiération of inflammatory cells was reduced
after neutralization of IFN-in mice infected by severe influenza A(H1N1)pdm@ile
G-CSF had a significant reduction in both periphbtaod and BALF, the remaining IFiX-
may make use of monocyte and macrophage activagignoduce G-CSF, and neutrophilic
granulocytes showed an increase in aggregatioraatnation. All of that resulted in much
more serious lung injury.

In conclusion, neutralization of IFN-could improve the survival rate of mice infected
by severe influenza A(HLN1)pdmO09 and reduce theg limjury. The results provide a new
approach for treating the lung injury caused byeseinfluenza A(H1N1)pdmO09.
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Figurelegends

Figure 1. Assessment ofFN-y levels in BALF. The concentrations of certain assted
cytokines in the BALF were determined using the-Blex Mouse Cytokines 23-Plex panel.
The data are presented as the mean+SD (n=8), Baymifdifferences from the non-infected
control were revealed by an unpaired two-taileest-t***P<0.001.

Figure 2. The influence of neutralizing IFM-to the BALB/c mice infected by severe
influenza A (HIN1) pdm09. A: Survival rate and Bianges in body weight of non-infected,
influenza virus-infected, and anti- IFNmice (n=10).

Figure 3. Neutralization of IFNy ameliorated acute lung injury in mice. A: BALF 8f
non-infected, influenza virus-infected and anti-HMnice at 3 days post-infection (dpi). B:
hematoxylin and eosin staining showing lung hisiglof BALB/c mice in response to HIN1
influenza A virus infection at 3 dpi (original mafioation, x100). C: Detection of LDH
activity in the BALF at 3 dpi. The data are presenas the mean+SD (n=3). D: Viral RNA
loads of influenza virus-infected and anti-IFNnice (n=3). Significant differences from the
non-infected control were revealed by an unpawestailed t-test. *P<0.05; ***P<0.001.
Figure 4. Assessment of cytokine levels in the serum of thmee-infected, influenza
virus-infected and anti-IFN-mice at 3 dpi. A: Neutralization of IFN4ed to a significant
reduction of G-CSF and BVCP-1in the serum at 3 dpi. C: The concentrations ofager
associated cytokines in the serum were determirsitguhe Bio-Plex Mouse Cytokines
23-Plex panel and Th178-Plex panel arrays. The al@gresented as the mean £ SD (n=3).
Significant differences from the non-infected cohtrere revealed by an unpaired two-tailed
t-test. *P<0.05; **P<0.01; **P<0.001.

Figure 5. Assessment of cytokine levels in the BALF of thmeen-infected, influenza
virus-infected and anti-IFN-mice at 3 dpi. A: Significant and B: no-signifi¢taeduction of
cytokine levels in the BALF after neutralization BiN-y at 3 dpi. The concentrations of
certain associated cytokines in the serum werermeted using the Bio-Plex Mouse
Cytokines 23-Plex panel and Th178-Plex panel arrélge data are presented as the mean +
SD (n=3). Significant differences from the non-cté® control were revealed by an unpaired
two-tailed t-test. *P<0.05; **P<0.01; ***P<0.001.
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