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Abstract

The lung represents a unique immune environment. The primary function of the lung is to enable
gas exchange by facilitating the transfer of oxygen into and carbon dioxide out of the blood.
However, as a direct byproduct of this process the lung is also constantly exposed to particles,
allergens, and pathogens alongside air itself. Due to this, the pulmonary immune system exists in a
fine balance between quiescence and inflammation, deviations from which can lead to a failure in
respiratory function. A rich history exists attempting to define the critical features of lung
immunity, and most recently advances in intravital microscopy have enabled the visualization of
intercellular immune dynamics in both steady-state and a variety of disease conditions. In this
review, we will summarize a variety of approaches to intravital lung imaging as well as how its
application has advanced our understanding of normal lung function as well as disease states such
as pulmonary metastasis, asthma, and lung injury.
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Overview of Lung Immune System and Disease States

Even during homeostatic conditions the lung is an incredibly dynamic organ. The pulmonary
environment is subject to constant motion from a combination of respiration, pulsatile flow
of blood through the vasculature, and the beating of the heart itself. The lung additionally
contains one of the most intricate vasculature networks in the body. This dense network of
capillaries facilitates gas exchange by minimizing the spatial distance between blood and air
enabling maximal efficiency of the oxygen gradient through which hemoglobin-rich red
blood cells pass as they transit the lung. Beyond respiration, the lung is exposed to the
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environment and therefore has a large network of immune cells that act to surveil the
airways and blood defending against incoming pathogens. This immune network is highly
diverse including alveolar macrophages, parenchymal macrophages, patrolling and
conventional monocytes, neutrophils, multiple varieties of dendritic cells, mast cells,
megakaryocytes, innate lymphocytes, T cells, B cells, NK cells, NKT cells and others. At
steady-state many of these populations are quite small in number helping to maintain the
lung as a quiescent immune environment. However, in disease conditions, be that allergy,
cancer, pathogen exposure, or lung injury, cell numbers and diversity can expand
exponentially in a matter of hours to days. Understanding this incredible dynamism has led
to creative approaches to visualize and measure the various elements of a pulmonary
immune response in real-time.

The history of lung imaging:

The history and specific challenges of lung imaging have been recently reviewed
elsewhere[1-3]. We will however cover those aspects in brief here as they are important to
understanding differences in the various approaches that have now been developed to
visualize cellular behavior in live lungs. The application of microscopy for live lung imaging
extends back to the earliest days of both the microscope and lung biology. Marcello
Malphigi, a venerated Italian scientist and contemporary of early microscopy pioneer Anton
Van Leeuwenhoek, applied the then cutting edge compound microscope to visualize the
exterior surface of the frog lung[4,5]. In doing so, he made two of the most important
discoveries in lung biology, the existence and structure of both the pulmonary capillaries and
the alveolus. Together these form the critical functional unit of the lung providing an
interface for oxygen exchange and recirculation to the rest of the organism. Malphigi
initially had his sights set on applying his technical acumen to the study of the mammalian
lung, however, his efforts were largely met with failure. It would be nearly 300 years before
modern science finally achieved this task.

Approaches to Lung Intravital Microscopy (LIVM):

The immune cells of the lung are an exceptionally dynamic entity. In order to accurately
observe and characterize the behaviors of such cells, steps must be taken to maximize both
spatial and temporal resolution while maintaining the physiology of the organ in as normal a
state as possible. The challenges of this in live lung imaging are substantial but well-defined.
First and foremost, tissues such as the liver can be exposed and externalized for imaging
with relatively minor effort and impact to the animal. The lung however, requires the
pressure environment of an intact thoracic cavity to maintain normal respiratory function.
While this is a complicating feature, it is readily addressed through the use of mechanical
ventilation. Care must be taken to avoid ventilator-induced injury to the lung, however, a
number of commercially available small-animal ventilators now exist providing robust
control over respiratory volume, rate, and pressure greatly simplifying this process and
enabling longterm maintenance of lung function during imaging. With any of the intravital
lung imaging techniques, the use of anesthesia is obligatory. Historically, a variety of
anesthetics have been utilized but the most common in current use for LIVM are either
Isoflurane[6,7] or a combination of Ketamine/Xylazine[8,9]. Vaporized Isoflurane is the
general preference for sustained imaging as it enables fine control of the depth of anesthesia.
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This enables the generation of a deep anesthetic field for the initial surgery whilst tempering
this slightly during imaging to minimize some of the negative effects of the drug. Some
confounding variables do arise from the necessity of anesthetic use. Isoflurane has been
reported to decrease airway resistance and atelectasis in experimental allergic asthma[10].
More pertinent to immune dynamics in the lung, all currently used anesthetics have been
reported to suppress inflammatory responses to variable degrees [10-14]. Isoflurane
generally displays the least of this activity in comparative studies and is thus preferred in
most cases for LIVM.

The most complex challenge in LIVM is that during normal function, the lung is constantly
undergoing macroscale tissue movement while the cells and subcellular structures to be
visualized are firmly rooted in the microscopic realm. Below we will summarize the pros
and cons of the various approaches people have taken to address this issue (summarized in
Table 1).

Bronchus Clamping:

Bronchial clamping was one of the earliest approaches taken in modern science to provide a
stabilized view of the lung. Experiments of this nature extend back to the early 1930s and
were initially applied to larger animals such as rabbits, cats, and dogs[15,16], but much more
recently a similar approach was successfully used to interrogate immune responses in the
mouse lung[17]. This method involves clamping off the bronchial supply to the lung lobe
being imaged, preventing inhalation and exhalation mediated respiratory motion.
Oxygenation of the rest of the body is maintained via ventilation of the contralateral lung.
Preparations such as this enable stable imaging of the lung for between minutes and an hour.
The key drawback to this approach is that the lobe of lung to be imaged is subjected to
significant hypoxia dramatically lowering the potential for longterm imaging. Due to this,
even at short intervals, interpretation of the data is challenging. Significant contributions to
our understanding of pulmonary circulation were made with this technique, however, due to
the drawbacks mentioned it has largely been left behind in favor of less invasive modalities.

Prolonged Apnea

During normal respiration a plateau exists during exhalation where for a period of ~300ms
the pressure environment of the lung is constant. Through mechanical ventilator-induced
apnea (and neuromuscular blockade), this plateau can be extended for as long as 15
seconds[3]. The researcher can then gate their imaging such that data is acquired only during
these sustained plateaus. This approach has been used to elegantly profile vascular flow[18]
and pulmonary endothelial response to injury[19]. It has additionally been successfully
applied to the study of alveolar macrophage phagocytic activity[20] however by and large
the short duration of imaging requisite to this approach makes it ill-suited for detailed
analysis of immune dynamics.

Glue-Based Stabilization:

This approach pioneered by the Miller group[21,22] involves affixing the uppermost surface
of the lung parenchyma to a cover glass using veterinary glue. This approach provides very
stable imaging which enabled sustained high-resolution observation of the lung in the
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normal and inflamed state. The substantial downside to this method is the process of affixing
the lung to the cover glass appears to induce an appreciable amount of inflammation on its
own[21]. While the exact source of this is not clear, it is likely due to the chemical bonding
requisite to the use of glue for stabilization[23]. Very recently, Entenberg et al[6] have
developed a surgical approach which implants a permanent window into the ribcage of mice.
Following recovery this approach enables lung imaging repeatedly over days to weeks
without the need for mechanical ventilation. Interestingly, while the same adhesive was
utilized, the inflammatory response was not observed even up to 2 weeks later. It is feasible
that an acute inflammatory response exists in this context (as the first timepoint addressed
was 1 day post-op) however, clearly this resolved over time. This new method offers the
unique potential to visualize the same region of lung over many days allowing for the first
true assessment of how lung immune responses mature over their entire natural history.

Vacuum-based Stabilization

Stabilization of the lung using vacuum suction has become the de facto gold standard in
intravital lung imaging. At least 4 distinct approaches[7,24,25] have been published in the
last 8 years. Revisiting some of the earliest work done in modern science on pulmonary
imaging[26], our group[24] and another [25] sought to combine a suction window-based
approach utilizing modern machining and 3D printing technology to develop fine-featured
windows enabling intimate contact with the lung surface while minimizing stress to the
organ itself (Figure 1). Combining this with two-photon imaging provided a stable, high-
resolution view of cells of the lung. These methods provide rapid temporal resolution over
many hours. We have since refined this technique[7] using a novel intercostal window
design to minimize both surgical trauma and surface exposure of the lung during imaging. In
combination with optimized anesthesia and intravenous hydration, this has enabled
continuous imaging of the pulmonary immune response for up to 12 hours. Importantly, this
method is relatively high throughput as the surgery itself takes only 30 minutes to complete
enabling high resolution, high integrity, multimouse, experiments to be undertaken on the
same day. Some issues do remain and limit this approach. Principally, sustained suction-
mediated contact on the lung surface does have the potential to induce local damage and
inflammation. Short-term imaging (<2 hours) does not appear to induce neutrophilic
inflammation in the imaging field[24]. However, while imaging up to 12 hours is readily
attainable, sustained suction for greater than 6 hours generally leads to increased
neutrophilia in the local site meaning great care must be taken in interpretation of very long
imaging durations (Headley, unpublished observations).

Complementary approaches to LIVM

All of the above intravital imaging approaches suffer from one key drawback. Outer regions
of the lung are predominantly composed of alveoli and their associated vasculature.
Maximum achievable imaging depth in most tissues (lymph node, liver, skin, brain, etc...) is
driven by the absorption of photons by the tissue itself. The refractive index (a numerical
measure of how light is propogated through the substance of interest) of most tissues
remains essentially constant as you go through the tissue, as such, in most cases, simply
increasing the power of the excitation laser can yield greater imaging depth. This method
works because the energy of light at a particular wavelength is directly proportional to the
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number of photons it contains. In this context, absorption is the primary driver of signal loss,
the downside is, as you increase laser power you also increase the risk of heat-induced
damage within the tissue. The alveoli of the lung make the tissue unique in this regard, as
anyone who has looked at a pencil within a clear glass of water can attest, the interface
between air and liquid is subject to a dramatic change in refractive index. Alveoli are
essentially an air-liquid interface surrounded by vascular endothelium, as such any light
entering or returning from these structures is subject to strong scattering properties. As a
result, imaging of any sort is only achievable for 50-100um into the tissue, approximately
one or two alveolar layers[24]. This effectively restricts any analysis of lung immune
responses to those relevant to the outermost regions of the lung with the large airways being
essentially inaccessible.

Fortunately, several methodologies have also been developed to interrogate these regions of
the lung in the form of explanted tissue. There are three primary approaches allowing
imaging of live lung tissue that don’t rely on an intravital preparation and that vary in the
preservation of tissue integrity. The most well established is the isolated perfused lung
preparation, which involves explantation of the entire lung, connection of the trachea to a
mechanical ventilator and continuous perfusion of the vasculature. While this system does
not solve the issue of depth directly it does increase the flexibility of where imaging can
occur, which with care of microscope placement can yield images at greater depth than
intravital imaging allows[27,28]. More recently, it has been shown that explant of entire
lobes and full perfusion in media can enable greater imaging depth than intravital methods
although normal respiratory pressure and vascular flow are lost[29]. By submerging the
entire lobe in media the scattering effect of the air-liquid interface is significantly
ameliorated. Lastly, if complete control of not only imaging depth but also relative depth in
the lung itself is required, lung slices can be prepared using a precision vibratome[30]. This
is currently the only method that enables thorough examination of the entirety of the live
lung. However, it sacrifices the normal physiology of the organ and introduces a substantial
inflammatory component via tissue damage that must be considered in interpreting any
immunologic data generated through this system.

An additional approach to extend imaging of the lungs to greater depths is whole lung/whole
lobe imaging in combination with tissue clearing methodologies. While these approaches do
not allow study of the living lung and cellular dynamics therein, they do allow for unfettered
access to the entirety of the organ and can provide detailed snapshots with superb resolution,
which can be a powerful comparator to intravital studies. Tissue clearing involves reducing
or removing various elements (most commonly lipids) from the tissue, which absorb and
scatter photons, whilst preserving the cellular and molecular structure of the tissue. The
unique environment of the lung (as it is rich in collagens and other ECM components that
limit light penetration as well as the aforementioned alveolar scatter and lipid-mediated
absorption) has rendered a number of common clearing methods less efficient in the lung
than other tissues. However, several protocols have recently been published which achieve
excellent lung clearing with relative ease. The advantages and disadvantages of these various
approaches have been reviewed recently in detail elsewhere [31,32]. However, we will draw
special attention to two such protocols that have shown particular success in the lung and
can be done simply, inexpensively, and rapidly in order to complement live imaging
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experiments. The first, Ce3D, renders the lung (in addition to essentially every other mouse
tissue) optically clear in approximately 2 days whilst preserving structure and importantly
most major fluorescent proteins, enabling simple and direct comparison to intravital
studies[33]. The second, uDISCO[34], is an evolution of another successful and popular
lung clearing method 3DISCO[35]. The primary feature of this method is an actual
substantial reduction in size of the cleared tissue (approaching 65%), while maintaining
relatively intact distance relationships between cells and structures. The key advantage to
this technique is that whole body clearing and imaging is achievable, enabling visualization
of the lung, intact and in proper context within the animal.

Application of LIVM to the study of the Pulmonary Immune System

Intravital imaging methods have now been applied to the study of a variety of lung disease
settings. Most notably pulmonary metastasis, lung injury, and asthma have been particularly
fruitful areas of interrogation.

Pulmonary Metastasis

Intravital imaging has become a frequent approach to the study of both primary
tumorigenesis and metastasis. However, until very recently these methods were not applied
to the most frequently targeted metastatic site, the lung[36-38]. However, with the advent of
robust lung imaging methodology there has been a veritable boom in the publication of
studies examining interaction between tumor cells and the immune response in pulmonary
metastasis. Two of the LIVVM methods in current use were developed specifically for the
purpose of studying pulmonary metastasis[6,8]. In the case of our recently published method
utilizing an intercostal imaging window (Figure 1B) [7,39,40], our previous platform was
modified specifically to fit the needs of metastasis research, though these modifications have
proved fruitful in other areas of research as well. In all these cases, long-term stable imaging
has been the primary focus to suit the measured pace of events that characterize metastatic
spread. Prior to the development of robust lung intravital imaging a handful of studies
utilized explant methodology to explore the questions of cellular dynamics in the lung
during metastasis[28,41]. These studies provided important insight into the nature of tumor
cell proliferation in the lung, including revealing the potential for intravascular
proliferation[28]. However, neither of these studies sought to explore the role played by
immune cells in this process.

More recently several studies have defined the early immune dynamics of the pulmonary
metastatic environment. It has previously been shown that a population of monocytes
variously referred to as Ly6Clow, non-canonical, or patrolling monocytes (defined in mice
by robust expression of Cx3CR1 and Nur77[42-44]) which are almost exclusively
intravascularly localized, play important roles in the pulmonary vasculature[45,46]. Hanna
et. al. hypothesized that the intravascular localization of incoming metastatic cells would
place them in a prime position to be influenced by patrolling monocytes, which had not been
overtly explored previously[8]. Using a thoracic suction window, confocal microscopy, and
an 1V injection model of lung metastasis they found patrolling monocytes to be actively
recruited to incoming metastases within the first 4 hours, and that even out to 7 days,
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patrolling monocytes are significantly increased in regions of the lung bearing metastases.
Building off this initial imaging based-observation, the researchers demonstrated a novel
axis by which patrolling monocytes are recruited to the tumor via CX3CR1-dependent
chemotaxis, mice genetically deficient in patrolling monocytes display increased metastatic
burden indicating an anti-metastatic role for these cells. Of note, in ex vivo analysis
patrolling monocytes proved inefficient at directly killing tumor cells, instead the authors
found that the presence of patrolling monocytes enabled recruitment of NK cells to the lung,
which appear to mediate the killing of the tumor cells. The model they propose suggests a
heretofore unknown relationship between patrolling monocytes as an early responder in
metastasis modulating the recruitment and behavior of downstream effector NK cells. Future
intravital imaging studies will be required to elucidate whether NK cells and patrolling
monocytes engage in direct interaction as part of this process.

A separate but similar set of studies performed in our group took a broader approach to the
question of the nature of immune dynamics in the early metastatic environment[7]. Utilizing
the intracostal imaging window and 2P microscopy we found that upon entry into the lung,
circulating tumor cells release large extracellular microparticles (Figure 2A). These particles
are encountered by a diverse array of lung phagocytes, which engage with and ingest them
(Figure 2B). This observation of immune uptake by pulmonary myeloid cells through LIVM
enabled the design of a high-resolution flow cytometric assay in order to identify and parse
the nature of these metastasis-ingesting cells. It was identified that, in tandem, populations
of macrophages and dendritic cells encounter and ingest this tumor material. Importantly,
patrolling monocytes also represent a large portion of the cells ingesting these particles,
consistent with Hanna et al[8]. Intriguingly we found evidence through LIVM of both
macrophages and dendritic cells interacting directly with these early metastatic cells. In
keeping with other literature[47] macrophages were found to promote survival and growth of
the burgeoning metastasis while, surprisingly, dendritic cells were found to be potent
inhibitors of metastasis. Considering these two studies together, application of LIVM has led
to characterization of an early metastatic niche that consists of both protumoral and anti-
tumoral players, the balance of which likely sets the tone for metastatic success. More
recently it has been shown that consistent with other metastatic sites a conjugation between
tumor cells, endothelial cells, and macrophages termed TMEM exists within the lung[6].
This study made use of a permanently placed thoracic imaging window, which additionally
allowed the authors to observe tumor cell behavior and even division over the course of days
or even weeks. While the application of this to the study of the natural history of metastasis-
immune interactions has just begun, the potential of this approach for /n vivo insight is very
high.

Platelet Production and Hematopoietic Progenitors in the Lung

Intravital imaging has proven to be a powerful method for the analysis of platelet production
and immune interactions. Initial investigation into the role of platelet and neutrophil
conjugates in the pathogenesis of lung injury (summarized below) has led to the important
finding that the lung vasculature accounts for a significant portion of all platelet production.
[40] LIVM revealed that intravascular megakaryocytes of bone marrow origin release
proplatelets in the lung circulation (Figure 3A and B). This finding confirmed previous
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suspicions that the lung has major role in platelet biogenesis. Using LIVM it was also
discovered that the lung contains a large pool of extravascular megakaryocytes that are
sessile during imaging, but may have immune-like features that are distinguishing compared
to their counterparts in the bone marrow. Importantly, the recognition through LIVM and
subsequent exploration of the role played by the lung in platelet biogenesis led to the
important discovery that the lung is a repository for various hematopoietic progenitor cells.
These cells which reside in the lung at steady-state are capable of repopulating the immune
system under the conditions of stem cell deficiency[40].

Airways Inflammatory Disease/Asthma

Asthma is a complex chronic airway disease with various etiologies, including but not
limited to allergic states. Some of the earliest efforts in modern LIVM were applied to the
study of asthma[30]. However, it was recognized rapidly that the method was ill-suited for
this purpose as the achievable imaging depth did not allow access to the large airways,
preventing analysis of the anatomical site most relevant to disease development.

Instead, the features of this disease have largely been explored in viable lung slices[30]. It
had long been understood that an interaction between Dendritic Cells and T cells to promote
antigen-specific adaptive immunity lay at the heart of asthma pathogenesis. Given the airway
localized nature of asthmatic disease it was generally thought that allergen sampling and
presentation occurred in this same airway localized fashion. However, using lung slice
imaging it was found that while DCs accumulate strongly at the airways in conjugation with
T cells, few if any of these DCs engaged with the epithelium in a way that would allow for
allergen uptake. In contrast, it was found that DCs in the alveolar regions interdigitated with
the alveolar epithelium and could be observed to directly sample fluorescently-labeled
antigen with subsequent transit to both airway proximal regions as well as the lung-draining
lymph node to engage with and activate antigen-specific T cells. In addition to antigen
sampling at the alveoli by DCs, viable slice imaging has also recently shown that lung
localized monocytes survey the lung vasculature and airways for incoming antigenic
material[48,49]. Interestingly, upon antigen acquisition it appears these monocytes may
enter a partially differentiated state that allows interaction with T cells but with low
productivity, a mechanism that could, under normal conditions, promote tolerance to airway
antigens. However, in the context of allergy, these cells proceed to a fully differentiated state
where they become highly effective at activating T cells[49].

Neutrophil Dynamics in the Lung Steady-State and In Disease

The lung contains a substantial marginated pool of neutrophils which appear poised for rapid
mobilization in the context of disease[50]. Advent of robust intravital imaging methodology
has significantly increased our understanding of the function and behavior of these cells and
is the area of research where LIVM has been most broadly applied. Some of the first studies
examined features of normal neutrophil behavior in mice. Intravital videomicroscopy of dog
lungs[51] found that neutrophil passage through the lung occurs at a very slow pace (mean
transit time 6.1 min) compared to an estimated of 1.4 seconds for plasma flow in the lung.
These studies were performed using adoptively transferred labeled neutrophils, raising some
question of the broad applicability of the estimates. However, subsequently, application of
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LIVM in mice using otherwise unmanipulated fluorescent reporter mice found that
neutrophils passage through the capillary beds with a mean speed of 0.9 um/sec while
fluorescent beads (as a gauge of base plasma flow) circulate with a mean speed of 109
um/sec [24], consistent with the earlier estimates. This data has proved consistent in at least
2 separate studies[21,52]. Intriguingly, through intravital analysis of neutrophils in the lung
during CXCR4-inhibition with Plerixafor™ (a drug in use for the treatment of neutropenia)
Devi et al. [50], found that this large pool of neutrophils can be induced to demarginate,
mobilize, and repopulate into the systemic circulation all suggestive that the lung acts as a
critical biorepository for neutrophils.

Essentially, all relevant studies on pulmonary neutrophil dynamics, have found that the
presence of an inflammatory stimulus increases the numbers of neutrophils in the
lung[9,21,24]. These cells appear poised to rapidly respond to pulmonary insult. Moreover,
neutrophils present in the pulmonary vasculature rapidly mobilize upon encounter with
bloodborne pathogens, ingest, and move out of the pulmonary microcirculation at increased
rates[9] suggesting that this rapid vascular mobilization of pulmonary neutrophils may in
fact represent a systemic host-defense mechanism against bloodborne infection. Adding to
this, pulmonary neutrophils appear to act as shepherds for intravascular iNKT cells[53].
Following intranasal administration of a-Galcer (a model system for S. pneumoniae
infection), neutrophils responded by producing large amounts of CCL17 which in turn
enabled the extravasation of iINKT cells into the pulmonary interstitium. This response
proved critical to activation of these cells as it put them into direct contact with monocyte-
derived dendritic cells capable of presenting antigen to these potent inflammatory cells.
Importantly, this same axis appeared functional in the context of S. pneumoniae infection
further arguing for the critical role played by neutrophils in pulmonary surveillance[53].
This prominence of neutrophil function in the lung can be a two-edged sword as intravital
microscopy has also implicated conjugation of vascular neutrophils and platelets in response
to inflammation (Figure 3C) as a critical factor in the pathogenesis of acute lung injury[39].

Circulating Monocytes in Sepsis-induced Lung Injury

In addition to the critical role played by neutrophils during the pathogenesis of lung injury,
as discussed above, it has been proposed the Ly6Chi monocytes may be uniquely sequested
in the pulmonary vasculature in response to systemic inflammatory signals associated with
sepsis (LPS). Their presence there pre-disposing the organ and contributing to pulmonary
injury[54]. An elegant set of LIVM studies used a combination of intravascular labeling with
an anti-Ly6B.2 and the monocyte-lineage reporter mouse, Cx3crl-GFP, to clearly
distinguish between Ly6CM (conventional) and Ly6c'® (patrolling) monocytes. Using this
method, the authors established an axis whereby CXCR4+Ly6CN monocytes are recruited to
the pulmonary vasculature where they marginate and are sequestered in vast numbers in
response to intravascular LPS administration. LIVM in combination with CXCR4-inhibition
revealed a clear release of monocyte sequestration as monocytes were seen to rapidly de-
marginate and increase in velocity following drug treatment, highlighting a parallel dynamic
to that of CXCR4+ neutrophils discussed above. Intrigingly, removing CXCR4 expression
from Ly6Chi monocytes (using a CXCR4 conditional KO strategy driven by Lyz2-Cre)
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resulted in not reduced monocyte recruitment to the lung in a lung injury setting, but limited
disease in the form of reduced vascular leakage and increased survival[54].

The Future of Intravital Lung Imaging

While the past 10 years have introduced a renaissance in the study of both pulmonary
physiology and dynamics of the lung immune system, there is still room for improvement.
As stated earlier, the key feature of intravital lung imaging that remains unassailed is the
depth of imaging. No current methodology has achieved greater than 100 pm imaging depth
in an intravital preparation. Fortunately, this region of the lung is of great interest in diseases
such as pulmonary metastasis, lung injury, and basic homeostasis of the lung. However,
many diseases such as asthma, lung bacterial and viral infection, and even primary lung
cancer frequently target the larger airways and blood vessels. Until methods are developed to
access greater depths of the lung through intravital imaging, the true /n vivo dynamics of the
immune system will largely remain a mystery in these diseases. Several technologies
currently on the horizon offer promise. Foremost of this is adaptive optics[55,56]. This
technology pairs predictive modeling of the light scattering properties of a substance/tissue
with on demand deformable mirrors to allow the researcher to ‘pre-bend’ the path of the
excitation laser such that it compensates for the scatter of the substance. This method has
now been successfully applied to deep imaging of tissues such as brain and retina[56], but
the numerous tandem air-liquid refractive index shifts in the lung represent a unique
challenge. Ex vivo approaches have shown some headway[57], however a great deal more
study will be required, perhaps coupled with machine learning algorithms[58,59], before we
can achieve the imaging depth in the lung needed to explore all relevant pulmonary
conditions.
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Highlights
The lung represents a dynamic and challenging organ for intravital imaging.
A variety of creative approaches have been taken to provide stable long-term

imaging in live animals, enabling direct visualization of the pulmonary
immune response

Pulmonary intravital imaging has yielded critical insights into steady-state
lung function and such disease states as pulmonary metastasis, asthma, and
lung injury.
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Figure 1. Evolution of The Modern Thoracic Suction Window
A._Photographic schematic of a thoracic imaging window designed to lay directly over lung,

exposed through resection of ribs. Low pressure (20 mmHg) vacuum is applied through inlet
to temporarily stabilize lung tissue against the coverslip. Reprinted with permission[24]. B.
Revised thoracic imaging window design incorporating an intracostal flange enabling
placement directly between two ribs without need for resection. The modified window
design allows for increased image stability with reduced surface exposure of the lung.
Reprinted with permission[7].
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Figure 2. Live Imaging of The Early Pulmonary Metastatic Niche
A. LIVM imaging of a ZsGreen+ B16F10 melanoma cell (Green, labeled K for karyoplast)

releasing microparticles (labeled C for their alternate name cytoplasts) into the pulmonary
vasculature of the myeloid reporter mouse MacBlue. In this mouse, monocytes and their
progeny as well as neutrophils are labeled with CFP. White arrows show the trajectory of the
myeloid cell at each timepoint as it migrates autonomously through the vasculature. The last
frame of this series shows the entire path of the monocyte over the imaging time. B. LIVM
of tumor microparticle (Green) being encountered and subsequently phagocytosed by a CFP
* myeloid cell (blue) in the pulmonary vasculature between 3 and 4 hours following the
entry of the parental tumor cell into the lung. Microparticles are outlined in white and
ingesting myeloid cell in red. The final frame of the image shows the path taken by the
ingesting myeloid cell throughout the imaging time. Both A and B are reprinted with
permission from[7].
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Figure 3. Platelet and Neutrophil Dynamics In The Live Lung
A and B. Intravital imaging of intrapulmonary megakaryocytes generating proplatelets and

releasing them into the lung vasculature. The PF4 promoter (a megakaryocyte and platelet
specific marker) was used to drive Cre recombinase expression in membraneTomato
membraneGFP (mTmG) reporter mice. When Cre is present in a cell, expression of
TdTomato (red) is switched to GFP (green). B. Dark shadow highlights the cell nucleus,
establishing its nature as a megakaryocyte as opposed to a conglomeration of platelets. A
and B were reprinted with permission from[40]. C. Intravital imaging of mice wherein
platelets are labeled in red (PF4-Cre x ROSA-TdTomato) and neutrophils in green (LysM-
GFP). Timelapse shows the dynamic formation of a neutrophil-platelet aggregate over the
course of 7.5 minutes of imaging. Reprinted with permission from[39].
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