Two-photon microscopy for the exploration of lung in a murine model of infection with Influenzavirus reveals distinct waves of cell recruitment.
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Abstract
Rationale. Influenza is potentially fatal infectious disease that is difficult to both treat and prevent due to the natural range, and unpredictable nature of host immune responses. Studies evaluate immune reaction on quantitative and functional data, but anatomical in only a few cases with histological analysis.
Objectives. Could two-photon excitation microscopy (TPEM) improve anatomical description at cell level of pulmonary Influenzavirus infection?
Methods. Pulmonary sections from transgenic C57BL/6 mice that had CD11c+ cells expressing yellow fluorescent protein were examined following experimental infection with a red fluorescent protein-expressing Influenza A virus.
Measurements. Two-photon lung micrographs were taken on days 1, 2, 3 and 4 post-infections. Flow cytometry analysis and whole-lung cytokine assays were also performed at the same post-infections time points.
Results. TPEM showed how the infection resulted in bronchial and bronchiolar epithelial destruction. Initially located in the bronchial and bronchiolar epithelium, virus diffused homogeneously into the alveolar compartment. In response, the host secreted proinflammatory cytokines and rapidly recruited macrophages into the lungs from the perivascular compartment. On day 4 post infection, macrophages were homogeneously distributed throughout the entire pulmonary parenchyma, starting to scavenge cellular debris. Three-dimensional reconstructions of TPEM images provided quantifiable map that traced infection through the lungs.
Conclusions. This study demonstrated the added value of using TPEM to map pulmonary viral infections, epithelial lesions, macrophages recruitment and cellular interactions with more precision than histological analysis. Finally, TPEM coupled to cytometry could provide a more precise picture of the cell interactions after a lung infection by influenza virus.
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1. Introduction

Influenza is a respiratory disease caused by infection with a segmented negative-sense RNA virus from one of the seven genera (all of which only contain one single species) in the family Orthomyxoviridae (1-3). In humans, influenza is caused by viruses from four genera known as influenza types A, B, C and D. It is not always possible to predict the severity outcome following infection, which presents a challenge for both disease prevention and treatment of infected patients. Influenza (‘flu’) symptoms range from the asymptomatic to fatal, and it has estimated between 300.000 and 650.000 deaths per annum in the world(1). The most severe forms of influenza are associated with pulmonary oedema as consequence of immunological cytokine storm, and the development of secondary bacterial infections (1,3). The use of anti-viral treatments for severe forms remains controversial (4).

A recent meta-analysis indicated that non-steroidal anti-inflammatory drugs (NSAIDs) were effective in reducing mortality following influenza infection (5). The treatment of inflammation per se, and targeting mechanisms of innate immunity following an infection, may offer interesting new therapeutic targets for humans. Data from animal studies have shown that post-infection cytokine storms, followed by an influx of macrophages and neutrophils, negatively affect survival if alveolar macrophages have been depleted (6,7).

The methods used for most studies to date are conventional cytological, biochemical and histological analysis techniques. A more recently developed microscopy technique called two-photon excitation microscopy (TPEM) has the potential to improve study outcomes (8). TPEM has previously been used in studies of pulmonary infections (12,13) and its principle is the same as conventional fluorescence microscopy; the main difference is that the sample is excited by two photons instead of one. This method is interesting because it can provide both two-, and three-, dimensional, images. TPEM allows tissue visualisation at greater depths than has previously been possible as it excites molecules deep within the sample, without damaging it, and while keeping the excitation volume low. Digital recombination of the individual TPEM scans allows a detailed, three-dimensional reconstructions of the tissues in question to be created (10). Another advantage of TPEM is that the use of excitation with two, rather than one, photons make non-centrosymmetric tissues, such as collagen, appear without the need for additional labelling due to the generation of a second harmonic signal (9-11).

The aim of this study, therefore, was to promote TPEM as a future standard technique for infectious research with the example of Influenzavirus infection of murine model. To this end, we wished to demonstrate the importance of describing anatomical data of pulmonary lesion and mapping cellular recruitment with TPEM complementing and supporting findings from established methods such as flow cytometry and cytokines concentration assays.

1. Methods

1. Animal models

Wild type C57BL/6 mice were chosen as the animal model for this investigation into the pathophysiology of influenza type A (Rockefeller University, New York, USA). In total, n=36 male mice were used, divided into three groups of n=12 animals, one group for each of the three measurement methods for flow cytometry, cytokine concentrations and TPEM. All animals were handled and housed under specific pathogen-free conditions. Bodyweights were recorded daily. 

For the two groups measuring flow cytometry and cytokine concentrations, n=12 mice were used with an average age of 6 months ±2 weeks. For the TPEM group, the n=12 transgenic CD11c+YFP with C57BL/6 genetic background mice were six-to 8-weeks old (Rockefeller University, New York, USA) (14). They were also C57BL/6 mice that had been bred to express yellow fluorescent protein (YFP) in lung macrophages under the control of the CD11c promoter.

1. Influenza A virus strains

For the cytometry and cytokine measurements the influenza strains A/Puerto Rico/8/34/H1N1 (PR8) was used. For the TPEM measurements, the viral strain was an A/Puerto Rico/8/34/H1N1 subtype created using reverse genetics that expressed a red fluorescent protein (RFP) fused to the NS1 protein (RFP-NS1-PR8) (F. Lefèvre, non-publoshed data) (15, 16, 17, 18).




1. Infection with the influenza virus

Prior to experimental infection at day 0, all mice were anaesthetized with 5% isoflurane. They were then intranasally injected with 30 µL of phosphate buffered saline (PBS) containing either 105 plaque-forming units of RFP-NS1-PR8 (TPEM group), or PR8 (flow cytometry and cytokine groups). From each group of n=12, n=3 animals were uninfected controls: they underwent the same procedures but received only PBS solution. Control and experimental animals were housed in separated isolators were monitored and had their bodyweights recorded daily at day 1, 2, 3 and 4.

1. Tissue preparation
At days 1, 2, 3 and 4 post-infections one mouse from each of the three groups (flow cytometry, cytokine and TPEM) were euthanized by cervical dislocation. Tissue samples were prepared with an intracardiac perfusion of 10 ml PBS with unfractionated heparin (10 UI/ml). For the flow cytometry and cytokine samples, this was followed by 10 ml PBS. In the TPEM group, 10 ml 4% paraformaldehyde (PFA) solution was perfused instead.
1. TPEM imaging 
In the TPEM group, the left lobe from each set of harvested lungs was glued onto a Vibratome® stage (Leica, Wetzlar, Germany) and immersed in PBS. In order to achieve smooth lung section, it was cut into two 10 μm/s-thick slices using a razor blade with a vibration amplitude of 3 mm. The lower section (4 mm thick) was glued onto an 83mm petri dish and immersed in PBS before imaging.
TPEM was performed using an LSM 710 NLO microscope (Carl Zeiss) equipped with an infrared laser coupled with OPO (Chameleon; Coherent). The wavelength of the first laser was set to 850 nm for excitation of the murine YFP, second harmonic and blue BV421 (‘Brilliant Violet’, Bio Legend®) markers. The wavelength of the second laser was set to 1100 nm, for the viral RFP. Each infected and control lung section was fully explored in order to map the entire sample.
To stain the macrophages, the lung sections were incubated in PBS with Fc Block (1/300e) for 30 minutes at room temperature. They were then incubated in PBS containing F4/80 antibodies coupled with BV421 fluorescent marker (1/100e) for 2 hours, at room temperature.
1. Flow cytometric analysis

The mouse lung monocyte and macrophage populations are divided into several subpopulations: alveolar macrophages (CD11chigh, F4/80+), interstitial macrophages (CD11clow, F4/80+), and resident monocytes (CD11clow, F4/80+) (6,26). CD11c is a common dendritic cell marker but it is not expressed on all monocytes and macrophages. Since our aim was to explore all macrophage populations, including resident and interstitial, as well as migratory macrophages, the F4/80 marker, which is common to all macrophage subpopulations, was used.
In the cytometry group, both lungs were harvested and homogenised using a gentleMACS™ dissociator before being incubated with type IV collagenase at 37°C for 10 minutes. Remaining red blood cells were lysed using 1X red blood cell lysis buffer BD (Bioscience®). The cells were stained with blue Fixable Viability Dye eFluor™ 455 (eBioscience™). Anti-mouse immunophenotyping antibodies were diluted in FACS buffer to 5µg/mL along with Fc Block before the cells were stained for 30 minutes on ice using the following cytokine/antibody/marker solutions: CD45 (BD Biosciences®), CD11b (BD Biosciences®), CD11C (BD Biosciences®), F4/80 (Bio Legend®), CD3 (BD Biosciences®), CD4 (Bio Legend®), CD8 (BD Biosciences®), Ly6G (Bio Legend®), CD103 (BD Biosciences®). After staining, the cells were washed twice with buffer and then fixed in 4% paraformaldehyde in FACS buffer for 15 minutes. Cell numbers were collected using an LSR II flow cytometer (BD Bioscience®, Franklin Lakes, NJ) and the data were interpreted using FlowJo software (Treestar, Ashland, OR). All interpretations were performed after doublet and dead cell exclusion.

1. Cytokine concentration quantification

Cytokine concentrations were measured using multiplexed sandwich ELISA-based quantitative array platforms of whole lung lysates. For each mouse in this group, both lungs were removed and homogenised using a gentleMACS™ Dissociator (as above). Each whole lung lysate was prepared according to the array kit proprietary protocol (Tebu-Bio, Quantibody® Mouse Inflammation Array Kit, Manufacturer REF). Each sample was plated in duplicate and incubated with a standard cytokine mix, an antibody detection cocktail, and finally Cy3 equivalent dye-conjugated streptavidin, before the plate was dried and sent for reading.

1. Ethical approval

All animal care and experiments conformed to the requirements of the Animal Research Committee of Armed Forces Biomedical Research Institute (IRBA, authorized project with number 2020-11) as well as the European Parliament directive 2010/63/EU guidelines for the protection of animals used for scientific purposes.

1. Statistical analysis

The results of the quantitative variables are expressed using the mean and the standard deviation. Data were collected and described using Excel (Microsoft Corp., Washington, USA). Statistical analyses were performed with R software (The R Foundation, version 3.1.3). Comparisons between control and experimental data were performed with a two-tailed Student’s test for the quantitative variables; results were considered statistically significant when p<0.05.

1. Results
2. Clinical data

Following infection with influenza A (PR8), the n=30 experimental mice lost 25 % of their bodyweight whereas the weight of the control group (n=6) remained stable over the same 4-day period (Figure 1).

b. Post-infection pulmonary cells recruitment

Three immune cell types were phenotyped by using flow cytometry: macrophages (F4/80+), CD11c+ cells and granulocytes (Ly6G+), as depicted in Figure 2. 
Following infection with Influenzavirus PR8 at day 0, the first cells recruited in the lung were the granulocytes rapidly increased significantly in the infected group over the first day post-infection (p>0.05), peaking at day 2 and quickly decreasing on days 3 and 4 to the baseline (Figure 2D). A second wave of cell recruited were the CD11c+ cells mostly constituted by monocytes with peak delayed at day 3 (Figure 2A). A third wave of myeloid cells of pulmonary macrophage (F4/80+) recruitment significantly increased between days 1 and 2 (p<0.05) and was nearly four times higher by day 4. Over the same period, control values remained consistently low (Figure 2B). In the F4/80+ population, CD11c+ cells were stable over time post infection without significant difference with mock-infected. Then CD11c- cells progressively and significantly increased day 1 to day 4 comparatively to mock-infected and more significantly between day 3 and day 4 (Figure 2C). 

c. Post-infection, whole-lung cytokine concentrations

Nine proinflammatory cytokines and chemokines (GM-CSF, IL-1a, IL-6, IL-7, IL-18, CCL2 (MCP-1), CCL12 (MCP-5), CXCL9 (MIG), CCL3 (MIP-1a), and CCL5 (RANTES)) were measured in the whole lung samples from both control and experimental mice; all are shown individually in Figure 3. GM-CSF and IL-1a, usually secreted in the early phase of an infection by epithelial cells and macrophages, and then promoting the recruitment of innate immune cells (mainly granulocytes and macrophages), peaked on day 1 (p<0.05 vs. control) before decreasing on day 2. This early secretion could explain the early recruitment of granulocytes. IL-6 peaked at D3 before decreasing at D4.

The chemokines CCL2, CCL12, CCL3 and CXCL9 activate macrophages, differentiating monocytes into macrophages, migration and tissue diffusion of monocytes/macrophages.  The concentration of these chemokines peaked at day 1 for CCL5 (p<0.05 vs mock-infected), peaked at day 3 (p<0.05 vs mock-infected) before the concentrations of CCL5, CCL2, CCL12 (p<0.05 vs mock-infected) plateaued and peaked at day 4 for CCL3, CXCL9 (p<0.05 vs control). These chemokines most probably could report for the recruitment of the later wave of CD11c+ dendritic cells and macrophages. The cytokines IL-7 and IL-18, which also play a role in the recruitment and migration of innate immune cells, reached their peak by day 2 post infection (p<0.05 vs control) before their concentrations remained the same.





d. TPEM observations

The micrographs from the TPEM control group mice, shown in figure 4, revealed that they had healthy lungs with intact bronchial and alveolar epithelia (shown in green) and connective tissue (in blue). 


In contrast to the images in figure 4, the micrographs in figure 5 show lungs from mice infected with the RFP-expressing influenza A. Over three days, the virus (shown in red) replicated first into the bronchial epithelium, followed by the alveolar epithelium. These epithelial infections led to a destruction of the bronchial and bronchiolar epithelium; by day 4, macrophages (shown as blue cells) were also visible in the basement membrane.


With the red fluorescent virus, TPEM allowed us to follow viral replication localization beginning on bronchial and bronchiolar epithelium at day 1 (figure 6A) and 2 (figure 6B) then diffusing to alveolar epithelium at day 4 (figure 6C).


The addition of an anti-F4/80 antibody coupled to the fluorochrome BV421 allowed the recruitment over time of F4/80+ macrophages, shown in blue, to be visualised (figure 7). In the early phase of the infection (days 1 and 2), more F4/80+ macrophages were visible than in control lungs where they were homogeneously distributed within the parenchyma (figure 7A) but not in the perivascular zones (figure 7B). On day 3, however, a high density of F4/80+ macrophages was observed in the perivascular regions (figures 7C and 7D). By day 4, F4/80+ macrophages were densely, and homogeneously, disseminated throughout the entire lung tissue (figures 7E and 7F). 







Another advantage of TPEM is its possibility imaging lung in depth which allows 3D reconstruction cell interactions as illustrated on Figures 8A and 8B detailing the same F4/80+ macrophage, CD11c monocytes and an infected epithelial cell from Figure 5 on day 4 post-infection. This 3D reconstruction of TPEM scans showed tight contacts and probable interactions between CD11c+ and F4/80+ macrophages and infected epithelial cells. We also observed the scavenger role of F4/80+ macrophages as they could phagocytosed virus infected cells or subparticles (Figure 8C). This suggest that F4/80+ macrophages recruited in the lung first in the perivascular spaces and peribronchiolar area and then more generally in the lung parenchyma at late time point participate in the lung homeostasis by scavenging infected cells and cellular debris.

1. Discussion

We demonstrated that the use of TEPM technology can adequately complete quantitative, cellular and biochemical data obtained by flow cytometry and cytokine quantification. The murine model used in the current study produced the expected immunological response to influenza A (19-21). A significant increase in macrophage numbers (F4/80+) was observed at day 2 post infection (16), in addition to a rapid, and transient increase of neutrophils (Ly6G+) which peaked at day 2, before returning to day 1 levels by day 3 (19). Such cells recruitment is known to be associated with proinflammatory cytokine secretion. Levels of IL-1a and IL-6 were raised at day 1. This early secretion by infected epithelial cells would have stimulated the recruitment of innate immune cells, particularly macrophages, but also neutrophils. Macrophages provide positive feedback to escalate the local immune response since the release of pro-inflammatory cytokines, such as MCP-1, MCP-5, MIG, and MIP-1a, also upregulates the influx of immune cells to the infected area (20, 21).

Previously published quantitative descriptions of the immune response to influenza A infection, however, do not usually also contain such in-depth anatomical visualisations and correlation of the virus diffusion and the immune cell movements within the host tissue. The inclusion of two-photon excitation microscopy (TPEM) in this study precisely identified the site of virus replication as limited to the bronchial epithelial cells. TPEM allowed the infection progression to be followed over time as it moved from the bronchial to the alveolar epithelium. This viral infectious site evolution has only been previously suggested with fluorescent stereomicroscope in showing fluorescence of bronchial tree at day 3 post infection then lung diffuse fluorescence at day 5 post infection(22). The clarity of TPEM micrographs permitted early, post-infection lesions, such as the destruction of the bronchial epithelium, to be examined in detail and once the epithelial cells had been destroyed, the macrophages that remained in situ could observed too. Taken together our results suggest that the recruited F4/80+ macrophages play a great role in the homeostasis of the lung tissue, by scavenging apoptotic and necrotic infected epithelial cells. They could also play a role in a defensive response by protecting the basal membrane and secreting anti-inflammatory cytokines. 

TPEM therefore provided important, additional data regarding the innate immune response. In the current studies using influenza A, such detailed anatomical data complemented the standard biochemical, and cytometric analyses. These standard measures provided quantitative results confirming pro-inflammatory cytokine storms and the resultant increase in immune cells, particularly macrophages. TPEM, however, permitted observation of the perivascular macrophagic infiltration, charted the migration of blood monocytes and their differentiation which occurred as concentrations of proinflammatory cytokines such as CCL2, CCL12, CXCL9, and CCL3 increased. The homogeneous diffusion of these macrophages throughout the pulmonary parenchyma was clearly seen and was recorded independently of the quantification of macrophage recruitment made using flow cytometry. Our results, like previous published studies showed a stability of resident macrophages (F4/80+ and CD11c+) and an increase of monocyte-derived macrophages (F4/80+ and CD11c-), TPEM added an important anatomical data of macrophages recruitment and diffusion in the lung tissue.

An additional benefit from TPEM was the ability to create three-dimensional images using multiple scans. This provided novel insights, revealing cell/tissue volumes, the depth of cell penetration, and interactions both between infected cells, macrophages and dendritic cells (CD11c+, F4/80-), as well as individual immune cell activities, such as the phagocytosis of a viral particle by a macrophage.

Dysregulation of the innate immune response and cytokine storms are known to be important factors in severe influenza cases (2,3,23). A recent meta-analysis found that NSAIDs had a beneficial effect on survival (5). Clarification of this role of NSAIDs on influenza pathophysiology could help to refine and optimise their use. TPEM also offers a promising method for the extra pathophysiological exploration of influenza in vivo needed for preclinical studies into other innate and inflammatory immune responses to therapeutic and vaccination strategies. We believe that TPEM could be valuable for studying other respiratory pathogens (12,13). At present, antibiotics are commonly prescribed to treat secondary bacterial sequelae following viral respiratory infections, but if the consequences of immune dysregulation could be better controlled and reduced through the use of antivirals or NSAIDs, then the use of antibiotics could be reduced.

This work has demonstrated that TPEM provides practical and valuable technique that complements and enriches data obtained from the methods already used as standard (flow cytometry and cytokines concentration measurements) to study the pathophysiology in a lung murine model of infection. Three-dimensional reconstruction of TPEM scans does enable the visualisation and exploration of pulmonary lesions and allows accurate mapping of immune cells recruitment patterns the days after an influenza infection. 
TPEM allows, in addition to quantitative and functional methods, an almost exhaustive anatomical analysis of lesion, viral localization and cell recruitment by providing in particular explanatory elements on the waves of macrophage recruitment induced after infection by Influenzavirus.
TPEM was developed for in vivo or ex vivo lung intravital imaging but also seemed to be useful on fixed lung and provided a more precise and detailed information than conventional microscopy. We believe that TPEM should not only be a primordial tool for preclinical studies of influenza physiopathology, but that it should also be considered as a standard for work into other respiratory infections. With different fluorochrome, TPEM could be a promising tool to explore viral coinfection and bacterial complications after viral infections.
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Figure legends
Figure 1. Changes in the average (mean ±standard deviation) bodyweight (grams) of mice (n=30) experimentally infected with influenza A (PR8) at day 0 compared to six mock-infected animals (no infection) for each time point over a 4-day study. 
Key: controls (mock-infected) = u; infected with PR8 = n

Figure 2. Cell recruitment in the lung tissue of n=10 mice experimentally infected at day 0 with influenza A (PR8) versus n=2 control animal(s) who did not receive any virus over a 4-day experiment (mock-inf=mock-infected). Four types of cells were measured by flow cytometry: (A) CD11c+ cells;
(B) macrophages (F4/80+); (C) repartition in F4/80+ cells between CD11c+ (infected with PR8 = n ; mock-infected n) and CD11c- (infected with PR8 = n ; mock-infected n); (D) neutrophil polynuclear (Ly6G+).
Key: controls (mock-infected = n ; infected with PR8 = n).

Figure 3. Changes in the concentration (pg / mL) of eight proinflammatory cytokines in whole-lung samples from n=10 mice experimentally infected at day 0 with influenza A (PR8) versus a/n=2 control animal(s) who did not receive any infection over a 4-day experiment. GM-CSF, IL-1a, IL-6, IL-7, CCL2, CCL12, CXCL9, CCL3 and CCL5.
Key: mock-infected = n; Infected with PR8 = n   

Figure 4. Two-photon excitation micrographs showing healthy left pulmonary lobe tissue from control CD11c-YFP mice. The bronchial epithelium is autofluorescent in green, and the connective tissue is blue, and CD11C+ cells in yellow.

Figure 5. Two-photon excitation micrographs showing murine pulmonary bronchial epithelium three days after experimental infection with a modified influenza A/Puerto Rico/8/34/H1N1 strain that expressed red fluorescent proteins (A, D, E). The replicating virus is shown in red, and the epithelial cells are green (A, D, E). One picture showing normal bronchiolar epithelium of mock-infected mice (F) and zoom of normal epithelium (C) comparatively with zoom of infected bronchiolar epithelium (B). Conjunctive tissue (fiber in blue), macrophages (round cells in blue), CD11C+ cells (yellow).


Figure 6. TPEM showed evolution of viral infection (red) on the z-projection images. Initially localized to bronchial and bronchiolar epithelium (day 1 and 2 – figure 6A and B), virus diffused progressively to alveolar epithelium (days 4 – figure 6C) until infected homogenously all pulmonary compartments.
Alveolar and bronchial epithelium (green), virus (red), conjunctive tissue (blue), CD11c+ cells (yellow)

Figure 7. Two-photon excitation micrographs showing macrophage recruitment in mouse lung cells over four days following infection with a modified influenza A/Puerto Rico/8/34/H1N1 strain expressing red fluorescent protein. At day 1 post-infection, resident macrophages can be seen (shown in blue) in the lung parenchyma (7A). At day 2 (7B) the macrophages have not yet moved into the perivascular areas. By day 3, (7D) they can be seen in the perivascular area, near to the infected (red) bronchial epithelium (7C). Finally, on day 4 (7E) and (7F) the macrophages have become distributed homogeneously and diffusely throughout the whole lung section. CD11c+ cells (yellow), bronchial and alveolar epithelium (green).

[bookmark: _GoBack]Figure 8. Three-dimensional reconstructions (A, B) of two-dimensional TPEM scans and z-projection (C) illustrating cell interactions in murine lung tissue following infection with a modified influenza A/Puerto Rico/8/34/H1N1 strain that expressed red fluorescent protein (images 8A and 8B). In all images, F4/80+ macrophages are shown in blue, influenza-infected cells are red, monocytes are yellow, and epithelial cells are green. In image 8C, a F4/80+ macrophage (in blue) can be seen phagocytosing a viral particle (in red).

