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“By the means of Telescopes, there is nothing so far 
distant but may be represented to our view; and by the 
help of Microscopes, there is nothing so small, as to 
escape our inquiry.” 
 

- Robert Hooke in Micrographia (1665)
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Introduction 1 

1. Introduction 

1.1 Light microscopy in biology 

Light microscopy is a fundamental pillar of biological research. Both are 

intrinsically linked to each other. The ability to observe even the smallest cellular 

processes, which by far exceed the resolving power of the human eye [1], has 

opened a door to worlds unknown. 

One of the earliest documented designs of a functional compound microscope 

is by Hans and Zacharias Jensen at the end of the 16th century [2, 3]. The first 

demonstration of the possibilities of microscopy for biological research and 

science altogether was published in the form of Robert Hooke’s highly influential 

book Micrographia in 1665 [4]. Therein, he described and visually reproduced 

detailed drawings of for example insects and plant material. Subsequently, 

microscopy provided the basis for the conception of an entirely new discipline 

when the “father of microbiology” Antoni van Leeuwenhoek discovered both 

protists and bacteria in the 1670s [5, 6] (see section 1.1.3). Over the course of 

the next centuries down to the present day, researchers have constantly been 

pushing the boundaries of what is physically possible in light microscopy and 

achieved tremendous advances [7-10]. 

Principally, light microscopy can be divided into two categories: brightfield (or 

transmission) microscopy and fluorescence microscopy [7]. Additionally, there 

are non-optical microscopy approaches, which include electron microscopy (e.g., 

TEM [transmission electron microscopy]) [11] and scanning probe microscopy 

(e.g., AFM [atomic force microscopy]) [12]. Brightfield microscopes are defined 

by light being focused onto the sample by a condenser lens [7]. After passing 

through the sample, the light is collected by an objective opposite the side of 

illumination. Development of phase contrast [13] and differential interference 

contrast (DIC) microscopy [14] subsequently allowed high-contrast observation 

of otherwise low-contrast samples such as in vitro cell culture [10]. To this day, 

brightfield microscopy is an integral part of histology. As the microscopic 

equivalent to gross anatomy, histology uses stains, dyes, and 

immunohistochemistry (IHC) to introduce visible contrast in thin sections of 

biological tissues (~5 µm) [15]. 

With the discovery of the bioluminescent protein GFP (green fluorescent 

protein) [16] and its availability in laboratories [17] as well as the chemical 
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improvement of fluorophores used for antibody conjugation [18], fluorescence 

microscopy became increasingly important for biological research [8]. 

Fluorescence describes the emission of light by fluorophores following absorption 

of photons from an excitation light source (Figure 1A) [7]. Upon excitation, the 

fluorophores enter an excited electronic state (Figure 1B). To return to the relaxed 

ground state, the fluorophores emit photons of longer wavelength compared to 

the incident photons. This red shift of the emission, also called “Stokes Shift” [19], 

is the result of a loss of energy by the excited molecule through non-radiative 

means (e.g., molecular vibrations), which leads to a lower radiative energy 

transition and thus an increased wavelength of the emitted photons [20]. Today, 

there is a variety of options available across the color spectrum to visualize 

biological processes, ranging from fluorescent dyes [21] to direct and indirect 

immunofluorescence labeling (Figure 1C) to fluorescent proteins [22]. 

 
Figure 1. Basic principles of fluorescence microscopy. (A) Electromagnetic radiation with a 
wavelength between 400 nm and 700 nm is perceived by the human eye as “visible light”. The 
color gradient indicates the color of a corresponding wavelength. The plots depict the emission 
spectra of selected fluorophores. GFP, green fluorescent protein; AF, Alexa Fluor. (B) Jablonski 
diagram representing linear and non-linear excitation of fluorophores. Colors correspond to the 
visible spectrum. Dashed arrows indicate non-radiative loss of energy. (C) Antigens may be 
immunolabeled either directly or indirectly. As multiple secondary antibodies can bind a single 
primary antibody, indirect labeling results in signal amplification. Created with BioRender.com. 

A major limitation of widefield fluorescence microscopy is the detection and 

interference of out-of-focus light [10]. To this end, confocal laser-scanning 

microscopy (CLSM; Table 1) was developed to specifically exclude out-of-focus 
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light. CLSM thereby allows the acquisition of high-resolution, high-contrast image 

stacks [23], making it a highly versatile key technology in many imaging 

approaches [9]. Effective elimination of out-of-focus emission is achieved by a 

pinhole in front of the detector, which blocks all light not originating from the focal 

plane [10, 23]. The sample is illuminated by a focused laser beam, which is 

moved laterally to raster the sample point by point [24, 25]. Axial movement 

allows for optical sectioning of biological specimens and in combination with 

lateral scanning enables the acquisition of three-dimensional (3D) volumes. 

However, the resolving power of CLSM is still physically restricted by the Abbe 

diffraction limit [26]. The theoretical lateral and axial resolution limits approximate 

to around 200 nm and 600 nm, respectively [7, 9]. 

Table 1. Comparison of different fluorescence microscopy techniques. 

Technique Resolution 

Temporal 

resolution 

Imaging 

depth Photodamage Versatility

Widefield +* +++# + ++ +++ 

CLSM ++ + ++ + +++ 

SDCM ++ ++ + + +++ 

2PLSM ++ + +++# ++ ++ 

TIRF ++ ++ +* +++ + 

SIM ++(+) + + ++ +++ 

STED +++ + + +* ++ 

SMLM +++# +* + +* +† 

LSFM + +++# ++ +++# ++‡ 

Each category is rated as “+”, “++”, or “+++” (from worst to best). “+++” expresses an ideal or 
preferential performance, e.g., for photodamage it refers to the least amount of light-induced 
damages to fluorophores or the specimen. Adapted and combined from Combs et al. (2017) [9], 
Jacquemet et al. (2020) [27], and Thorn et al. (2016) [10]. CLSM, confocal laser-scanning 
microscopy; SDCM, spinning-disk confocal microscopy [28]; 2PLSM, two photon–excited 
fluorescence laser-scanning microscopy; TIRF, total internal reflection fluorescence [29]; SIM, 
structured illumination microscopy; STED, stimulated emission depletion; SMLM, single-molecule 
localization microscopy; LSFM, light sheet fluorescence microscopy. 
# Best in category. 
* Worst in category. 
† SMLM requires specific blinking fluorophores [30]. 
‡ LSFM of volumetric tissue samples requires tissue optical clearing (see section 1.1.1). 

A variation on the confocal laser-scanning design has been developed in the form 

of two photon–excited fluorescence laser-scanning microscopy (2PLSM; 

Table 1) [31]. Contrary to traditional linear (one-photon) microscopy, non-linear 
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(multi-photon) microscopy relies on localized higher-order light-matter 

interactions for contrast generation [32]. A tunable pulsed NIR (near-infrared) 

laser is focused through a high NA (numerical aperture) objective to achieve a 

high spatio-temporal concentration of excitation light [9, 32]. When a fluorophore 

absorbs two photons essentially at the same time (within ~0.5 fs), their energies 

are combined to promote an excited electronic state, which results in 

fluorescence as outlined earlier (Figure 1B) [9, 32]. Due to this high dependence 

on the spatio-temporal density of incident photons, there is practically no 

excitation of out-of-focus planes, eliminating the need for a pinhole. Similarly, 

scattered excitation light does not contribute significantly to signal generation, 

making 2PLSM far less sensitive to light scattering [32]. Thus, 2PLSM is 

particularly suited for use in thick (up to 1 mm [33]) light-scattering tissues as NIR 

light not only penetrates deeper into the tissue but is also generally less 

phototoxic [32, 34]. Being able to maintain high resolution and contrast within 

tissue despite light scattering has made 2PLSM almost an obligatory choice for 

intravital microscopy (IVM) (see section 1.1.2) [32, 35]. 

In an effort to surpass the diffraction limit imposed by Abbe’s law, future Nobel 

laureates Stefan Hell and Eric Betzig proposed their concepts for achieving 

super-resolution during the 1990s [36, 37]. Separately, structured illumination 

microscopy (SIM; Table 1) has successfully been employed by Gustafsson and 

colleagues to improve both lateral and axial resolution by twofold [8, 38, 39]. 

Hell’s STED (stimulated emission depletion; Table 1) microscopy [40, 41] 

achieves a lateral resolution of around 50 nm and uses an additional red-shifted, 

donut-shaped laser beam to selectively deplete the fluorophores in the peripheral 

area of the primary excitation laser, effectively reducing the emission area to a 

sub-diffraction sized spot [9, 27]. SMLM (single-molecule localization microscopy; 

Table 1), which includes PALM (photoactivated localization microscopy) [42] and 

STORM (stochastic optical reconstruction microscopy) [43], reconstructs super-

resolution images from thousands of diffraction-limited images to precisely 

pinpoint the exact fluorophore location [27]. Each image contains only a subset 

of “blinking” fluorophores (photoactivatable fluorescent proteins for PALM or 

organic dyes for STORM), yielding a lateral resolution of the reconstructed image 

of about 10-15 nm [27, 44]. An entirely different approach to super-resolution 

microscopy has been pursued with the use of expansion microscopy (ExM) [45-
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48]: to beat the diffraction limit, cells are physically expanded in a hydrogel 

polymer to achieve a lateral resolution of about 70 nm [47] up to 25 nm [49]. 

1.1.1 Light sheet microscopy and tissue optical clearing 

The theoretical concept to use light sheets for microscopic imaging has already 

been developed more than a century ago [50]. While it took over 90 years until it 

was first applied to biological specimens [51], it was not until the introduction of 

selective plane illumination microscopy (SPIM) by Huisken and colleagues [52] 

that light sheet fluorescence microscopy (LSFM) found its way into biological 

research. By using two perpendicular objectives, LSFM decouples the sample 

illumination and fluorescence detection paths [53], which enables fast volumetric 

imaging with very low phototoxicity (Table 1) [9, 10, 54-56]. Essentially, a thin 

light sheet is projected horizontally into the sample, illuminating only the in-focus 

plane (Figure 2A) [7, 56]. By design, this not only eliminates out-of-focus 

excitation, thereby reducing overall photodamage to the sample, but also 

automatically results in non-invasive optical sectioning across the entire 

plane [54, 56]. This opened up two key applications for LSFM [54-56]: (i) high-

speed volumetric functional imaging of cellular activity in vivo and (ii) in toto 

imaging of intact, optically clear organs (Figure 2B and D). 

Particularly because of the combination of low phototoxicity and fast 3D 

acquisition, markedly outperforming point-scanning approaches such as CLSM 

or 2PLSM (Table 1), LSFM has quickly become a valuable tool for the spatio-

temporal analysis of developmental processes in living organisms [53]. It has 

been applied to a variety of developmental model systems, including zebrafish 

(Danio rerio) [57-65], the common fruit fly (Drosophila melanogaster) [62, 66-69], 

and Caenorhabditis elegans [70-73], to analyze for example whole-brain 

activity [61, 65, 66, 74], cardiac dynamics [59, 63], or embryogenesis [60, 64, 67, 

75] in real-time. Even outside of the kingdom Animalia, four-dimensional (4D) 

LSFM (spatial dimensions x, y, z, and t [time]) has been used to study plant 

development in vivo [76-83]. 

As technical requirements changed over time and became more sophisticated, 

a variety of modifications to the original SPIM design [52] have been 

developed [60, 62, 69-71, 75, 84-87], including open-hardware projects such as 

openSPIM [88], openSPIN [89], and mesoSPIM [90]. Moreover, combinatory 
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approaches with other optical techniques such as STED [91] or optogenetics [63] 

have been demonstrated. 

While LSFM is suitable for light-scattering tissues [56], as demonstrated by the 

spatio-temporal dissection of developmental processes in living animals and 

plants outlined above, similar to 2PLSM [32], it is ultimately still limited by light 

scattering. 

 
Figure 2. Working principles of light sheet fluorescence microscopy (LSFM) and solvent-
based tissue optical clearing (TOC). (A) In LSFM, a thin light sheet is projected horizontally 
into the sample, which illuminates only the in-focus plane (light grey line), practically eliminating 
out-of-focus excitation. The arrows indicate the direction of the incident light (blue) and the axis 
of detection (green). WF, widefield; CLSM, confocal laser-scanning microscopy. Adapted and 
modified from [92]. (B) Mouse lung lobe pre- (left) and post-clearing (right, white dashed line) with 
ethyl cinnamate (ECi). Edge length of grid square = 1 mm. (C) Light cannot travel in straight lines 
through most biological tissues, as it is refracted by light scatterers (blue spheres). Refraction 
results in spherical dissemination of the incident light, which itself is scattered again [93]. After 
removing water and lipids via ethanol and n-hexane, respectively, solvent-based TOC aims to 
match the remaining refractive index (RI) of > 1.5 with a suitable solvent such as ECi. This RI 
matching allows incident light to travel through the sample and thus results in optical 
transparency. (D) Exemplary 3D reconstruction of an intact left lung lobe from a coinfected mouse 
via LSFM excitation. Green = influenza A virus; red = Streptococcus pneumoniae. Edge length of 
grid square = 1 mm. Figure 2A and C were created with BioRender.com. 

Principally, every biological tissue scatters incident light, limiting light 

penetration and thus imaging depth. Light scattering is the result of refractive 

index (RI) inhomogeneities caused by the diverse set of cellular constituents, 

including organelles, membranes, lipid droplets, and proteinaceous structures 

such as the cytoskeleton and components of the extracellular matrix [93]. The 
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heterogeneity in the amount of light scattering between cellular compartments 

prevents light from traveling through biological specimens in straight lines, 

manifesting itself in tissue opacity (Figure 2C) [93]. For this very reason, 

biological tissues have in the past mostly been analyzed using conventional 

histology and IHC in thin sections, which allow sufficient light penetration (see 

section 1.1). However, 2D sections inherently lack the intrinsic spatio-

morphological 3D structure of biological tissues and organs, and therefore cannot 

accurately describe a 3D reality. While the spatial context of organs can 

theoretically be reconstructed via serial thin sectioning and in silico image 

registration pipelines, the approach is technically challenging, very time-

consuming, and prone to artifacts [93, 94]. To reduce light scattering within 

biological tissues, they can be rendered optically transparent using a tissue 

optical clearing (TOC) approach, essentially homogenizing the RI across the 

sample [93, 95]. In combination with optically-sectioning microscopy techniques 

such as CLSM, 2PLSM (see section 1.1), and particularly LSFM, this enables 

volumetric 3D imaging without the need for destructive physical sectioning of the 

sample (Figure 2D). 

The principle behind TOC has already been described at the start of the 20th 

century [96]. However, it took the resurgence of LSFM [52] and the introduction 

of light sheet microscopes capable of acquiring large fields of view 

(ultramicroscope) [84] until TOC found its permanent place in biological research. 

Since then, a plethora of TOC protocols for a variety of applications has been 

developed [93, 95, 97-99]. They can be divided into two main categories: (i) 

solvent-based and (ii) aqueous-based clearing (Figure 3) [93, 97]. 

For solvent-based clearing (Figure 3, red), both water (RI = 1.33) and lipids 

(RI = 1.45) are extracted from the sample using dehydration (e.g., 

tetrahydrofuran [100-102], methanol [103, 104], ethanol [84, 105, 106], or 

tert-butanol [107-109]) and delipidation agents (e.g., n-hexane [84, 110] or 

dichloromethane [100, 101, 103, 104, 107]), respectively, leaving a primarily 

proteinaceous sample of high RI (> 1.5) [93]. RI-matched organic solvents (e.g., 

benzyl alcohol [84, 102, 107], benzyl benzoate [84, 102, 107, 109], dibenzyl 

ether [100, 101, 103, 104], or ethyl cinnamate [ECi] [105, 106]) are then 

introduced into the sample as an optical clearing agent (OCA), homogenizing the 

RI and rendering it optically transparent (Figure 2B and C). As a notable side 
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effect, dehydration leads to a reduction or shrinkage of tissue volume [93, 105, 

107]. Overall, solvent-based clearing is characterized by an excellent clearing 

capability in a short period of time and in a large variety of tissues [95, 99]. While 

dehydration adversely affects most fluorescent proteins, new approaches have 

improved preservation of endogenous fluorescence [107, 109, 111, 112]. 

Additionally, compatibility with whole-mount immunostaining has been 

demonstrated [103, 104]. 

 
Figure 3. Overview of different tissue optical clearing (TOC) approaches and selected 
protocols. TOC approaches can principally be divided into organic solvent-based (red; [84, 104, 
105, 107, 109]) and aqueous-based clearing. The latter may further be subdivided by mechanism 
of action into immersion in high-refractive index solutions (yellow; [113-117]), hyperhydration 
(green; [118-120]), and tissue transformation (blue; [121-123]). Expansion microscopy (cyan; [45-
48]) uses principles of both hyperhydration and tissue transformation (dashed lines) for 
controllable tissue expansion and sub-diffraction imaging, however, achieves tissue transparency 
only as a side effect. Selected protocols are highlighted for each general approach. For a detailed 
list of acronyms and abbreviations, refer to section 8.3 (p. 217ff.). Created with BioRender.com. 

Aqueous-based clearing can be divided into three subcategories by their 

mechanistic approach: (i) high-RI solutions, (ii) hyperhydrating solutions, and (iii) 

tissue transformation [95, 124]. 
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Immersion in aqueous solutions with a high RI (Figure 3, yellow) is particularly 

suited for small samples and preserves both tissue structure and endogenously 

expressed fluorescent proteins [93, 124]. High RIs are achieved by solubilization 

of for example sucrose [116], fructose [117, 125], or 2,2’-thiodiethanol (TDE) 

[114, 115]. However, in direct comparison, both solvent-based clearing and the 

other aqueous-based clearing methods outperform the passive clearing 

capacities of high-RI immersion. 

For this reason and in contrast to immersion in high-RI solutions, 

hyperhydration methods (Figure 3, green) remove lipids to lower the overall RI 

across the sample prior to RI matching. Lipid extraction is achieved by extensive 

incubation with detergents, instead of hydrophobic solvents, whereas urea is 

used for hyperhydration. While quenching of fluorescent proteins is prevented, 

compatibility with immunostaining has also been demonstrated for CUBIC (clear, 

unobstructed brain imaging cocktails and computational analysis) [119, 120] and 

ScaleS [118]. Hyperhydration-based clearing generally takes very long (up to 

months), results in expansion of the cleared tissue [93], and can result in a high 

degree of protein loss [121].  

The last aqueous-based clearing technique works on the principle of tissue 

transformation (Figure 3, blue): prior to lipid extraction and clearing, samples are 

embedded in a nanoporous hydrogel for stabilization [121, 123]. Delipidation is 

achieved by incubation with detergents (e.g., SDS) or electrophoretic 

extraction [93]. Hydrogel-embedding is generally compatible with both 

immunolabeling and fluorescent protein emission [93, 95, 97]. 

As described earlier (see section 1.1), super-resolution microscopy can also 

be achieved by tissue expansion, which essentially is derived from a combination 

of the aqueous-based clearing methods hyperhydration and tissue transformation 

(Figure 3, cyan) [47, 48]. ExM has been used in combination with lattice light 

sheet microscopy [85] to achieve near-nanoscale imaging of the entire 

(“expansion-cleared”) Drosophila brain [126]. 

1.1.2 Live-cell imaging 

Biological processes are inherently dynamic. While today, there is variety of 

biochemical and genetic tools available, almost all of them provide only static 

snapshots of reality without any temporal information [127]. By being able to 
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observe biological events in real-time, live-cell imaging (LCI) of cells and tissues 

enables unique insights into dynamic processes in vivo. Using 2PLSM [32, 35, 

128] and LSFM (see section 1.1.1), live imaging has been demonstrated even of 

and in entire living organisms (“intravital microscopy”). 

For LCI, a variety of crucial factors has to be considered: (i) minimization of 

phototoxicity, (ii) control of environmental conditions, and (iii) choice of 

fluorescent probe [8, 127]. 

Phototoxicity in cells is caused by direct photodamage and the generation of 

free radicals as the result of irreversible fluorophore photobleaching [127, 129]. 

Prolonged or frequent illumination of live cells with high-intensity fluorescence 

(laser) light should therefore be kept to an absolute minimum. Mindful 

concessions to sample illumination and temporal resolution have to be made to 

reduce exposure time and intensity, while maintaining a usable signal-to-noise 

ratio [129]. The type of illumination and microscopy technique (widefield vs. point-

scanning and linear vs. non-linear excitation) have to be carefully 

evaluated (Table 1). 

To maintain viability, the individual environmental requirements of the sample 

have to be fulfilled, surveilled, and kept constant throughout the experiment, while 

simultaneously allowing microscopic observation over-time. These include the 

temperature, humidity, CO2 concentration, pH of the cell culture medium (if 

applicable) et cetera [8, 127]. 

A large toolbox of fluorescent options is available to visualize intracellular 

processes in living cells, ranging from small molecule fluorophores to fluorescent 

proteins [22, 130] to self-labeling tags such as the HaloTag [131] or tetracysteine 

motifs [132, 133]. 

1.1.3 Light microscopy and microbiology 

Microbiology and microscopy are inseparably linked to each other as the 

visualization and discovery of bacteria by the “father of microbiology” Antoni van 

Leeuwenhoek [5, 6] were instrumental in the conception of the entire field [134]. 

Microbiology (from Greek mīkros, “small”; bíos, “life”; and logía, “branch of study”) 

describes the study of microscopic life, all of which is far beyond the capacities 

of human vision. Therefore, in order to observe and study microorganisms and 

viruses, microscopy is an absolute necessity. And even while most viruses 
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themselves cannot be resolved with today’s light microscopes yet, their presence 

can be visualized using fluorescent reporter proteins or immunofluorescence 

labeling. Exceptions to this are for example current efforts to elucidate virus 

structure of human immunodeficiency virus (HIV) using super-resolution 

microscopy approaches [135-137]. In this sense, light microscopy is unique in 

that it can establish links between presence, abundance, and localization of 

microorganisms within tissues. It inherently allows for single-cell analysis, 

enabling targeted assertions of rare events in particular, which would otherwise 

be averaged out in “bulk-analysis” methods such as immunoblotting or nucleic 

acid detection [134]. Furthermore, volumetric imaging of living cells and 

organisms adds a temporal dimension (≙ 4D imaging), allowing the dissection of 

spatio-temporal dynamics in their native environment [53]. 

Light microscopy has been used to answer a wide variety of microbiological 

questions and has long become a gold standard method in infectious disease 

research. It is of particular importance for obligate intracellular pathogens, such 

as Coxiella (see section 1.2.1) and viruses (for rabies virus [RABV], see 

section 1.2.2; for severe acute respiratory syndrome coronavirus 2 

[SARS-CoV-2], see section 1.2.3). As both are extremely small and cannot 

reproduce outside of their host cells, fluorescent labeling via reporter protein 

expression or immunostaining are critical tools in their analysis. In the following, 

two microscopy techniques will be in focus: (i) LCI (see section 1.1.2) and 

(ii) LSFM (see section 1.1.1). 

LCI can be performed to resolve dynamic cellular processes. Simultaneously, 

it is also able to overcome limitations imposed by chemical fixation for 

immunostaining, which can cause structural artifacts and quenching of 

fluorescent proteins [138]. Real-time observation of pathogens in living cells has 

shed light on important microbiological questions, including the axonal spread of 

neuroinvasive viruses [139-142], the migration of immune cells to infection sites 

in vivo [143, 144], and mechanisms of intracellular trafficking of microbes [145, 

146]. In this thesis, LCI was used in combination with reporter protein-expressing 

Coxiella burnetii (C. burnetii) to dissect the transitional passage of the obligate 

intracellular bacterium through natural killer (NK) cells (see publication I [147] 

and section 5.1). 
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Since its reintroduction more than 15 years ago [52] (see section 1.1.1), LSFM 

has revolutionized developmental biology research [53, 134]. However, it has 

thus far rarely been used for microbiology and infectious disease research [134, 

148]. Particularly in combination with recent TOC advances, including non-toxic 

organic OCAs, preservation of fluorescent protein emission, and compatibility 

with immunostaining, LSFM of optically clear tissues has great potential to shape 

how we look at host-pathogen interactions within their intact spatio-morphological 

context. In fact, looking at microbiology as a whole (including virology, 

bacteriology, mycology, and parasitology), there have only been 14 publications 

available to date, which use an LSFM-based approach to elucidate 

microorganisms or viruses within their respective spatial 3D environment [110, 

149-161]. Of those, nine papers are concerned with different viral pathogens, four 

of which are part of this thesis (see publications II-V [149-152] as well as 

sections 5.2 and 5.3). 

1.2 Obligate intracellular pathogens 

Whereas the majority of microorganisms are capable of axenic reproduction, 

some are dependent on host cell interaction. If they are entirely unable to 

reproduce outside of host cells, they are considered “obligate intracellular 

pathogens”. Although viruses are generally not regarded as “living” and therefore 

not as microorganisms [162, 163], they are included in this definition. Besides 

viruses (see section 1.2.2 and 1.2.3 for RABV and SARS-CoV-2, respectively), 

obligate intracellular pathogens comprise for example the bacterial genera 

Coxiella (see section 1.2.1), Rickettsia, and Chlamydia as well as protozoa such 

as Plasmodium spp. 

1.2.1 Coxiella burnetii 

C. burnetii is a pleomorphic, gram-negative coccobacillus [164, 165] and the 

only species of its genus Coxiella (order Legionellales, family Coxiellaceae) [166]. 

It is an obligate intracellular pathogen [165]. Similar to other bacterial obligate 

intracellular pathogens such as Chlamydia [167], C. burnetii was initially mistaken 

for a virus [168, 169]. 

It can infect a wide range of host species, ranging from arthropods to humans, 

and has its main reservoir in ruminant mammals, including cattle, sheep, and 

goats [165]. Zoonotic infections with C. burnetii in humans are typically the result 
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of the inhalation of aerosolized bacteria and cause Q fever, a zoonosis, which 

usually manifests as influenza-like illness (Figure 4A) [164, 166, 169]. In 

ruminants, the main clinical manifestations are reproductive disorders, including 

infertility and abortion [170]. 

 
Figure 4. Fact sheet: Coxiella burnetii (C. burnetii). (A) The main animal reservoirs of C. 
burnetii are ruminant mammals. Zoonotic transmission most often occurs after inhalation of 
aerosolized bacteria during parturition or slaughter [164]. (B) C. burnetii enters the cell via clathrin-
mediated endocytosis [171, 172]. Coxiella-containing vesicles then fuse with recruited endocytic 
vesicles to establish a parasitophorous vacuole (PV) as a biological niche for replication. Created 
with BioRender.com. 

C. burnetii exhibits a biphasic developmental life cycle: (i) a non-replicative 

small-cell variant (SCV; diameter, 0.2 to 0.3 µm) and (ii) a replicative large-cell 

variant (LCV; diameter, 0.5 to 1 µm) [147, 165, 173]. SCVs are highly resistant to 

environmental stressors, including osmotic, chemical, and thermal ones [165]. 

The bacterium is taken up by a host cell via phagosomes. Through the 

endocytic pathway [174-176], it actively facilitates maturation of those 

phagosomes to phagolysosome-like parasitophorous vacuoles (PVs) as a niche 

for replication (Figure 4B) [177-179]. While this environment, including an acidic 

pH of 4 to 5 [180] and the presence of hydrolytic enzymes [178, 179], would be 

highly detrimental to many bacteria [181, 182], they are in fact a prerequisite for 

metabolic activity and intracellular replication of C. burnetii [178, 179, 183]. PV 

formation and intracellular replication are critically dependent on the Dot/Icm 

type IV secretion system, an important virulence determinant of C. burnetii [176, 

184, 185]. 

In vivo, C. burnetii has a tropism for mononuclear phagocytes [178, 186]. 

However, a wide range of immune and non-immune cell types can be infected, 

including B cells, dendritic cells (DCs), neutrophils, epithelial cells, endothelial 
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cells, and fibroblasts [178, 186-191]. While it has been demonstrated that the cell-

mediated immune response, including B and T cells, plays a critical role in host 

clearance of C. burnetii [188, 192-195], it is not known if and how NK cells are 

involved in C. burnetii infection. As NK cells have been demonstrated to be 

essential for the immune defense against obligate intracellular Chlamydia [196, 

197], LCI was used as part of this thesis to investigate NK cell infectability and 

possible immune escape by C. burnetii (see publication I [147] and section 5.1). 

1.2.2 Rabies virus 

Rabies virus (Rabies lyssavirus, RABV) is a neurotropic virus within the order 

Mononegavirales, family Rhabdoviridae, genus Lyssavirus [198]. As such, RABV 

features a non-segmented, linear, negative-sense RNA genome. It consists of 

about 12 kb and encodes for five viral proteins in a highly conserved order 

(Figure 5A) [199-202]. The bullet-shaped virion of RABV is typically 100-300 nm 

long, about 75 nm wide, and is surrounded by a host-cell derived envelope 

(Figure 5B) [203, 204]. 

 
Figure 5. Fact sheet: rabies virus. (A) Genome organization of the five RABV genes N 
(nucleoprotein), P (phosphoprotein), M (matrix protein), G (glycoprotein), and L (RNA-dependent 
RNA polymerase). Adapted from [205]. (B) The RABV virion features a characteristic bullet-like 
morphology and consists out of the five viral proteins and a host cell-derived lipid bilayer. The 
only surface protein of RABV is the glycoprotein G. RdRp, RNA-dependent RNA polymerase. 
Adapted from [205]. (C) Rabies is most often contracted from rabid dogs by bites. From the 
peripheral site of infection, RABV travels along axons in retrograde direction to the CNS (black 
arrows), where it causes an invariably fatal rabies encephalitis. Figure 5A and C were created 
with BioRender.com. 
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RABV is the causative agent of rabies, a vaccine-preventable neglected 

zoonosis that to this day is still responsible for an estimated 60.000 deaths every 

year [206, 207]. While RABV is found almost worldwide, rabies disproportionally 

affects the continents Asia and Africa (> 95% of deaths) [206], with about 50% of 

all fatal cases occurring in children below the age of 15 [208]. Reports suggested 

that human rabies cases are actually severely underreported and that the true 

disease burden is in fact much higher [209-211]. In the majority of cases (> 99%), 

RABV is transmitted by dog bites [212]. Other than in dogs, RABV has reservoirs 

in a variety of wildlife species, including foxes, skunks, raccoons, and bats [212-

214]. Rabies presents with two disease manifestations (furious and paralytic 

rabies), each with a range of symptoms, and is ultimately almost always 

fatal [212, 215]. 

After a potential amplification in striated muscle cells, RABV enters the 

peripheral nervous system (PNS) at the motor endplate of neuromuscular 

junctions or other innervated tissues (Figure 5C) [212, 216, 217]. From there, 

RABV is transported retrogradely along axons and spreads trans-synaptically to 

next-order neurons until it eventually reaches the central nervous system (CNS) 

[218-223]. Although axonal transport of RABV has sometimes been described to 

be exclusively in a retrograde direction [221, 224], anterograde transport has 

been demonstrated in vitro [141, 218, 225] and in vivo [226]. Following CNS 

dissemination of RABV and manifestation of a rabies encephalitis, RABV spreads 

centrifugally to extraneural and extracranial organs, including the heart, tongue, 

larynx, gastrointestinal tract, hair follicles, skin, adrenal medulla, as well as nasal, 

lacrimal and salivary glands [227-231]. 

As indicated by the infection of extraneural organs following centrifugal spread, 

RABV can infect a wide variety of tissues and cell types in vivo and is not strictly 

limited to neurons. Accordingly, infection of other non-neuronal CNS cells has 

been demonstrated in vitro and in vivo, including microglia and astrocytes [232-

235]. The exact mechanism of cell entry by RABV has yet to be completely 

understood. While a variety of entry receptors has been identified, including 

nicotinic acetylcholine receptor (nAChR; [236]), neural cell adhesion 

molecule (NCAM, [237]), low-affinity nerve growth factor receptor (p75NTR, 

[238]), and metabotropic glutamate receptor subtype 2 (mGluR2; [239]), none of 

them are essential or can meditate entry alone [236, 237, 239, 240]. 
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In order to reach the CNS, RABV has to actively evade host detection and 

suppress host-mediated immune responses [241, 242]. The first line of defense 

against viral infections is formed by the innate immune system, particularly via 

the induction of an antiviral state by type I interferon (IFN) signaling [243, 244]. 

However, several RABV proteins have evolved potent IFN-antagonistic function 

to counteract IFN induction and signaling in infected cells [241]. While transient 

infection of astrocytes, which are one of the main type I IFN producers in the CNS 

during virus infection [235, 245, 246], has been demonstrated for the attenuated 

vaccine strain SAD L16 [235], the role of astrocytes and other non-neuronal cell 

populations in vivo remains poorly understood for highly pathogenic field RABV. 

In this thesis, the comprehensive cell tropism of field RABV in vivo was 

investigated using volumetric 3D imaging, including the involvement of non-

neuronal cell types, which may modulate RABV pathogenicity and disease 

manifestation (see publications II-IV [150-152] and section 5.2). 

1.2.3 Severe acute respiratory syndrome coronavirus 2 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a novel 

betacoronavirus (order Nidovirales, family Coronaviridae [247]), which emerged 

in December 2019 in Wuhan, Hubei Province, China [248-251]. It has a 

non-segmented, linear, positive-sense RNA genome of approximately 30 kb, 

coding for 12 putative functional open reading frames (ORFs) (Figure 6A) [252, 

253], and an eponymous crown-like virion morphology (Figure 6B) [254]. Notably, 

members of the order Nidovirales, including the family Coronaviridae, have the 

largest genomes among known RNA viruses [255]. 

There are currently two alpha- and five betacoronaviruses associated with 

human disease: HCoV-NL63, HCoV-229E, HCoV-OC43 and HCoV-HKU1, which 

induce only mild upper respiratory illness [256], and the three zoonotic 

betacoronaviruses SARS-CoV-1 [257], MERS-CoV (Middle East respiratory 

syndrome coronavirus) [258] and SARS-CoV-2 [248-251], which can cause fatal 

respiratory disease. SARS-CoV-1 emerged at the end of 2002 in Guangdong, 

China [259], resulting in an outbreak that infected 8,096 people and caused 774 

deaths [260]. The last isolated cases were identified in May 2004 [261]. 

MERS-CoV emerged in June 2012 in Jeddah, Saudi Arabia [258]. Since then, 

about 2,562 cases were identified [262], as small outbreaks are usually self-
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contained due to the limited human-to-human transmissibility of MERS-CoV [263, 

264]. Animal-to-human transmission has been demonstrated for SARS-CoV-1 

and MERS-CoV via the intermediate host species palm civets [265] and 

dromedary camels [266], respectively. Bats likely form the natural reservoir for 

both viruses [267-271]. While viruses closely-related to SARS-CoV-2 have been 

found in bats [249, 272] and Malayan pangolins [273, 274], no natural reservoir 

or intermediate host species has been identified thus far [275]. 

 
Figure 6. Fact sheet: severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). (A) 
The genome of SARS-CoV-2 comprises about 30 kb, has 12 putative ORFs (open reading 
frames), and can be roughly divided into nonstructural proteins coded by ORF1ab, and structural 
as well as accessory proteins coded by the remaining ORFs. L, leader sequence; nsp, 
nonstructural protein; pp1a/ab: polyprotein 1a/ab; S, spike protein; E, envelope protein; M, 
membrane protein; N, nucleocapsid protein. Adapted and modified from [276]. (B) The spike-
studded virion of SARS-CoV-2 has a size of about 100 nm [254, 277] and features a crown-like 
appearance. (+)ssRNA, single-stranded RNA genome of positive polarity. Created with 
BioRender.com. 

SARS-CoV-2 has been identified as the causative agent of clusters of 

pneumonia cases with unknown etiology in December 2019 in Wuhan, Hubei 

Province, China [248-251]. The disease was subsequently named COVID-19 

(coronavirus disease 2019) and is most commonly associated with fever, cough, 

fatigue, and dyspnea [275, 278-281]. About 20% of patients develop severe 

symptoms up to acute respiratory distress syndrome (ARDS) and respiratory 

failure [275, 282]. Patients of older age (> 60 years) and with pre-existing 

conditions are disproportionally at risk of a severe or fatal outcome [283-285]. 

The World Health Organization (WHO) declared the ongoing COVID-19 outbreak 

a “public health emergency of international concern” on January 30, 2020, and a 

pandemic on March 11, 2020 [286, 287]. As of December 1, 2020, 61,866,635 

confirmed cases and 1,448,990 confirmed deaths were reported [288]. 

In search of suitable animal models to study pathogenesis and host-virus 

interactions, a variety of animal species has been tested for susceptibility [289, 
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290], including ferrets [291-293], Syrian hamsters [294-296], cats [293, 297], 

dogs [293], raccoon dogs [298], rabbits [299], transgenic and knock-in mice [300-

302], tree shrews [303], pigs [292, 293], cattle [304], non-human primates (NHPs) 

[305-308], poultry [292, 293, 309], and fruit bats [292]. Occasionally, 

SARS-CoV-2 RNA or SARS-CoV-2-reactive antibodies have been detected in 

companion animals [310-313]. Moreover, both zooanthroponotic and 

anthropozoonotic transmission between humans and farmed minks have been 

documented [314, 315]. The wide host range of SARS-CoV-2 can likely be 

attributed to the widespread presence of ACE2 (angiotensin-converting 

enzyme 2) in mammals [316], the cellular entry receptor for both 

SARS-CoV-2 [317] and SARS-CoV-1 [318]. 

Within the respiratory tract of relevant SARS-CoV-2 animal models, viral 

antigen has been detected in both the upper and lower respiratory tract (URT and 

LRT, respectively) of Syrian hamsters and NHPs. In ferrets, detection of 

SARS-CoV-2 RNA and antigen suggested a preferential replication in the URT. 

As all approaches to directly visualize this newly-emerged virus in vivo had thus 

far been based on conventional 2D IHC [291-294, 296, 305, 319, 320], no 

information on the spatio-morphological context of the SARS-CoV-2 infection 

environment is available. In this thesis, the 3D environment of SARS-CoV-2 in 

the respiratory tract of the ferret model was reconstructed using volumetric 3D 

LSFM imaging (see publication V [149] and section 5.3).
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2. Objectives 

Developments in light microscopy have facilitated unprecedented insights into 

biological processes. Microscopy approaches have the unique feature to 

establish a link between the presence of a target of interest and its spatio-

temporal localization. Accordingly, the wide range of available light microscopy 

techniques is ideally suited to elucidate host-pathogen interactions in vitro and 

in vivo. 

This thesis focuses on the optimization and application of live-cell and high-

volume microscopy to achieve spatio-temporal and spatio-morphological 

resolution of key aspects of bacterial and viral host-pathogen interactions. 

The dissection of inherently dynamic cellular processes is predestined for LCI. 

Assessing trafficking and relocalization of pathogens in living cells provides 

unparalleled detail about their spatial localization at any given time. As part of this 

thesis, LCI was applied to shed light on the transient cellular passage of the 

obligate intracellular pathogen C. burnetii in NK cells and the resulting 

implications for NK cell infectability, host-pathogen interactions, and host immune 

evasion. 

LSFM has revolutionized developmental biology research. However, its 

potential to provide a greater insight into the 3D spatio-morphological 

environment has “not been fully exploited in infectious disease research” [134] 

and “broad applications of [it] in virology are awaited” [148]. Particularly in 

combination with tissue optical clearing, volumetric 3D imaging holds great 

promise to provide unprecedented insights into the spatio-morphological context 

of pathogens in their intact native environment. Thus, as a fundamental part of 

this thesis, available tissue optical clearing protocols were assessed and 

optimized to develop an immunofluorescence-compatible 3D imaging pipeline for 

virus-infected tissues. By applying and refining the established pipeline, the 

comprehensive in vivo cell tropism and spatio-morphological distribution of two 

distinctive viral pathogens (RABV and SARS-CoV-2) as representative infection 

models for the nervous system and the respiratory tract were investigated. 

Consequently, important knowledge gaps concerning the non-neuronal cell 

tropism of pathogenic RABV in the central and peripheral nervous system as well 

as the spatial distribution of newly-emerged SARS-CoV-2 in the respiratory tract 

of the ferret model were addressed. 
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ABSTRACT Natural killer (NK) cells are critically involved in the early immune re-
sponse against various intracellular pathogens, including Coxiella burnetii and Chla-
mydia psittaci. Chlamydia-infected NK cells functionally mature, induce cellular im-
munity, and protect themselves by killing the bacteria in secreted granules. Here, we
report that infected NK cells do not allow intracellular multiday growth of Coxiella,
as is usually observed in other host cell types. C. burnetii-infected NK cells dis-
play maturation and gamma interferon (IFN-�) secretion, as well as the release of
Coxiella-containing lytic granules. Thus, NK cells possess a potent program to re-
strain and expel different types of invading bacteria via degranulation. Strikingly,
though, in contrast to Chlamydia, expulsed Coxiella organisms largely retain their in-
fectivity and, hence, escape the cell-autonomous self-defense mechanism in NK cells.

KEYWORDS cell-autonomous immunity, Chlamydia psittaci, Coxiella burnetii, NK cells

Natural killer cells (NK cells) belong to the subgroup of lymphocytes of the white
blood cells along with B and T cells. They are part of the innate immune system

(1) and play an important role in the early detection and lysis of pathogen-infected cells
(2–5). NK cells make up about 5 to 10% of the recirculating lymphocyte population, and
their induced gamma interferon (IFN-�) secretion (6) is crucial in controlling various
immunological events during infections with different microbes. The recognition of
target cells is achieved via antibody-dependent cell-mediated cytotoxicity (ADCC),
which is based on the recognition of antigen-specific antibodies on the target cells by
Fc receptors (1). In addition, NK cells recognize infected target cells that have specifi-
cally downregulated major histocompatibility complex class I (MHC-I) (1). This is par-
ticularly important for infections that escape efficient recognition by T cells through
reduced surface MHC-I expression (7). The lysis of target cells recognized by NK cells
occurs via degranulation of cytoplasmic granules, which represent secretory lysosomes
(8), leading to the release of perforins and granzymes into the extracellular space by
targeted exocytosis (1, 9). The highly cytotoxic (10) and bactericidal (11) nature of these
vacuolar compartments requires their release to be strictly regulated. Thus, degranu-
lation occurs only by activating NK cells through contact with a target cell (1) or via
direct infection (5, 12). Characteristic for the degranulation processes is the extensive
remodeling of the cytoskeleton, which is accompanied by exocytosis of the granules
(13). Different signaling pathways regulate the activation and function of NK cells.
These signaling pathways are controlled by stimulatory/inhibitory receptors and/or
through interactions with other immune cells (14–16). NK cell activation also depends
on different Toll-like receptors (TLRs) (17–21) as well as on NOD (nucleotide-binding
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and oligomerization domain) receptors and NOD-like receptors (NLRs) (21). NK cell-
activating receptors require protein kinase C� (PKC�) for sustained signaling, tran-
scriptional activation (22), secretion of IFN-� (4, 23), and the release of lytic granules (1).

NK cells are essential for the immune defense against Chlamydia (3, 24–26). The
absence of NK cells during chlamydial infection results in exacerbated histopathology,
enhanced clinical disease, and a drastic increase in bacterial load (2, 3). Recently, we
demonstrated that Chlamydia-infected NK cells functionally mature and prevent the
intracellular establishment and growth of bacteria. Chlamydia organisms taken up
by NK cells are subsequently released via degranulation in a noninfectious, highly
immunogenic form, which then triggers a strong adaptive antichlamydial immune
response (5).

Based on these previous observations, we asked whether this NK cell-mediated
defense mechanism also targets other intracellular bacteria that localize in acidic
cellular compartments during their intracellular life cycle. Such an invasion strategy is
known for Coxiella burnetii, a zoonotic obligate intracellular Gram-negative bacterium
which can infect a wide range of hosts, including ruminants, swine, cats, dogs, rabbits,
rodents, and humans, as well as birds and ticks (27). It is typically transmitted by
inhalation of aerosols containing it (28). The bacterium possesses the ability to infect
different cell types, including monocytes, macrophages, dendritic cells (DCs), neutro-
phils, epithelial cells, and fibroblasts (29, 30). C. burnetii is a globally distributed
pathogen that causes abortions in ruminant livestock. Zoonotic infections of humans
cause Q fever, a flu-like illness whose symptoms typically include headache, myalgia,
and fever (31). Most patients resolve the infection and gain long-lasting immunity to C.
burnetii, but some are unable to clear the bacterium and develop a chronic infection
(32).

C. burnetii targets lysosomal compartments of their host cells as a niche for repli-
cation (33, 34). After its uptake (29, 35), the organism exploits the autophagolysosomal
pathway to establish acidic parasitophorous C. burnetii-containing vacuoles (CCVs) in
the host cell (36), in which it replicates. Intracellular bacteria pose a unique set of
challenges for the adaptive immune system. Infection with C. burnetii results in both
humoral and cellular immune responses (37, 38). Cellular immunity is critical for this
protection (39–41). Key Th1 cytokines like tumor necrosis factor alpha (TNF-�) and IFN-�
directly activate monocytes/macrophages and fibroblasts in order to control the intra-
cellular growth of C. burnetii (29, 42).

The intracellular compartments established and occupied by Chlamydia and Coxiella
differ fundamentally in their vesicular biogenesis and physiological properties. For
instance, Chlamydia avoids phagosome-lysosome fusion and physical interaction with
the endo-/lysosomal system. Chlamydial inclusions seem to have a neutral pH of 7 to
7.5 (43), and a low pH is apparently detrimental to the bacteria (44, 45). Indeed, in vitro
studies have demonstrated a significant reduction of chlamydial replication when the
organisms are exposed to acidic conditions (46, 47), and the growth of Chlamydia
within epithelial cells is inhibited by low pH (48). While exocytic Rab GTPases are
recruited to chlamydial inclusions, endocytic markers, like those of early (Rab5 and
EEA1) and late (CD107a/LAMP1 and Rab7) endosomes, are excluded in epithelial host
cells (49–51). In contrast, once Coxiella organisms are engulfed by host cells, the
phagosome matures through the endocytic pathway, and the bacteria become resident
in lysosomes (52–54). This compartment is then structurally and functionally remodeled
by the pathogen to support intracellular replication (55). Features of the resulting
parasitophorous vacuole, such as the presence of proteolytic and degradative enzymes
as well as low pH of 4 to 5 (43), are closely related to those of lysosomes (56) and are
essential for the metabolic activity of Coxiella (57, 58). Moreover, Coxiella’s protein
translocation by the type IV secretion system seems to require endocytic maturation of
the CCV (59). Thus, intracellular replication of C. burnetii and its effector translocation
are efficiently blocked when the pH of the vacuoles is neutralized (49, 59).

The innate immune system seems to have sophisticated mechanisms to fight
Coxiella infections. Accordingly, mast cells build extracellular actin filaments with
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microbicidal activity (so-called cytonemes), which mediate the capture and elimination
of trapped bacteria before they can even enter host cells (60). Although C. burnetii
infects a wide range of host cell types, including immune and nonimmune cells (61–64),
it is not known whether it can infect NK cells, which play both supportive and harmful
roles during bacterial infections (4, 5, 65). Based on our previous findings on Chlamydia
(5) as well as the described differential interactions of Coxiella and Chlamydia with their
parasitophorous vacuoles (PVs) in the endo- and exocytic pathway (49), we asked
whether C. burnetii infects NK cells and, if so, whether the bacteria are able to escape
from NK cell-mediated antibacterial immunity.

Here, we show that Coxiella not only is able to infect NK cells but also can actually
escape the cellular self-defense mechanism in infected NK cells. Analogous to the
situation in chlamydial infections (5), NK cells infected with Coxiella undergo functional
activation, prevent the intracellular growth of bacteria, and incorporate the organisms
into lytic granules. In contrast to our observation with Chlamydia, however, intracellular
C. burnetii largely survives the hostile environment in NK cells granules and is released
by degranulation as an infectious agent.

RESULTS
NK cells prevent the intracellular establishment and growth of C. burnetii. NK

cells function as essential sentinels and mediators of the immune system and are a
primary innate source of IFN-� produced before the development of an adaptive
response (66). Investigation of the interaction between NK cells and C. burnetii could
provide new insight into how the intracellular bacteria escape early immune responses.
Using KY-2 cells, a murine NK cell line with homogeneous/consistent culture properties,
and the C. burnetii strain NMII RSA 439 as a suitable model system for Coxiella infection,
we first aimed to characterize whether and how Coxiella invades NK cells. To this end,
KY-2 cells were incubated with C. burnetii for 24 h in the presence or absence of
monodansylcadaverine (MDC), which blocks clathrin-mediated endocytosis. MDC
sharply reduced Coxiella uptake as measured by a previously established flow
cytometry-based assay (Fig. 1a) (5, 67), indicating that clathrin-mediated endocytosis is
critically involved in Coxiella engulfment. This result is similar to previous observations
in epithelial cells (68). Next, we analyzed the time course of Coxiella infection in KY-2
cells. KY-2 cells were infected with Coxiella for 3 h. Afterwards, they were extensively
washed to remove all extracellular and cell surface-attached bacteria and then incu-
bated for 0 to 72 h. To differentiate between intracellular and surface-bound bacteria,
the ingestion of C. burnetii was analyzed by comparing anti-Coxiella stainings of
permeabilized and nonpermeabilized NK cells (Fig. 1b, left). No cell surface-bound
bacteria were found at 8 h postinfection (hpi), suggesting that the bacteria were
efficiently engulfed by NK cells. The further course of infection was monitored via
Western blotting using a Coxiella HSP60 (coxHSP60)-specific antibody (Fig. 1b, middle
and right). The immunodetection of the bacterial molecular chaperone (69) (also
termed GroEL [70]), which is essentially required for in vivo folding and assembly of
proteins, was used as proxy to demonstrate the intracellular presence of bacteria in NK
cells as well as their cellular expulsion into the culture supernatant. Interestingly, we
observed a marked increase of intracellular coxHSP60 in cell extracts at 24 hpi,
suggesting that KY-2 cells were indeed infected (Fig. 1b). However, at 72 hpi, the
intracellular coxHSP60 signal had faded and was barely detectable (Fig. 1b). This is
unlikely to reflect the degradative elimination of the pathogen in the infected cells,
because the intracellular disappearance of coxHSP60 correlated tightly with a time-
dependent increase of the bacterial chaperone in the extracellular medium (Fig. 1b).
Thus, the total coxHSP60 levels (intracellular plus supernatant) remained nearly con-
stant over the time course (Fig. 1b, right). Next, we analyzed the infection of KY-2 cells
using immunofluorescence (Fig. 1c). In agreement with Fig. 1b, infected KY-2 cells did
not establish a typical perinuclear Coxiella-containing vacuole (CCV) (67) during infec-
tion (Fig. 1c). While multiple peripheral small bacterium-positive vacuoles with diam-
eters of 1 to 3 �m were observed at 24 hpi, at 72 hpi, only very few or no Coxiella
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FIG 1 Uptake and functional activation of KY-2 cells during C. burnetii infection. (a) Flow cytometric analysis of infected KY-2 cells (72 hpi; MOI, 10) in the absence
or presence of MDC (200 �M). To quantify C. burnetii-positive NK cells (green), the negative cell population (black) was identified and gated via corresponding
noninfected controls and then subtracted from the total cell population (left). The corresponding plot (right) shows the amount of positive KY-2 cells (***,
P � 0.001 versus control [infected without treatment]; n � 3; mean � SD). (b) To identify intra- and extracellular bacteria at 8 hpi, infected NK cells were

(Continued on next page)
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structures were found (Fig. 1c). The time-dependent disappearance of bacteria in
infected NK cells was further confirmed by flow cytometry (Fig. 1d). In line with the
Western blot data (Fig. 1b), we observed a maximum of Coxiella-positive cells at 24 hpi,
followed by a continuous reduction of intracellular bacteria between 48 and 72 hpi.
During the time course, the number of living KY-2 cells remained largely constant (Fig.
1e), showing that these results cannot be explained by the death of infected host cells.
Expulsion of tdTomato-expressing C. burnetii from infected KY-2 cells was observed by
live-cell imaging (LCI) at �24 hpi (Fig. 1f and Fig. 2; see also Movies S1, S2, and S3 in
the supplemental material). Time-lapse image acquisition with short intervals
(�1,700 ms, resulting in about 35 frames per minute) (Fig. 2; Movie S3) revealed that
the entire bacterial release process takes about 15 min and is accompanied by a visible

FIG 1 Legend (Continued)
permeabilized or not and then exposed to Coxiella-specific antiserum. Afterwards, cells were analyzed by immunofluorescence microscopy (left). The Western
blot (middle) of infected KY-2 cells (0 to 72 hpi; MOI, 10) shows coxHSP60 in cell lysates (intracellular) and culture supernatants (extracellular). GAPDH served
as a loading control. coxHSP60 signals were determined by densitometric analysis (right). The signal of total coxHSP60 at 24 hpi was set to 100. (c) KY-2 cells
were infected or not with Coxiella (0 to 72 hpi; MOI, 10) and stained for Coxiella (green) and DNA (4=,6-diamidino-2-phenylindole [DAPI]; blue). (d) Flow
cytometric analysis of C. burnetii infection in KY-2 cells (0 to 72 hpi; MOI, 10). The plot displays the relative amount of infected cells. The maximum mean value
at 24 hpi was set to 1 (**, P � 0.01, and ***, P � 0.001, versus 24 hpi; n � 3; mean � SD). (e) Analysis of necrotic/apoptotic KY-2 cells during Coxiella infection
(0 to 72 hpi; MOI, 10) was performed via trypan blue staining (not significant [n.s.] versus 0 hpi; n � 3; mean � SD). (f) Long-term time-lapse recording of Coxiella
release from infected NK cells. A total of 1 � 105 NK cells were infected with C. burnetii (tdTomato; MOI, 30; washed 3 hpi), and LCI was started at 24 hpi. Bacterial
movement was tracked at 37°C. Trajectories were determined from the image series. The timestamp is relative to the start of the respective image series and
thus starts at 0 min. The upper and lower rows correspond to starting time points at 24 hpi and 26 hpi, respectively. The differently colored lines (green and
magenta) show the individual Coxiella trajectories over periods of 510 and 800 min. The corresponding time-lapse movies are included in the supplemental
material (Movies S1 and S2).

FIG 2 Short-interval time-lapse image series of C. burnetii-release from an infected NK cell. A total of 1 � 105 NK cells were infected with C. burnetii (tdTomato;
MOI, 30; washed 3 hpi) and overlaid with 0.6% low-melting-point-agarose-containing KY-2 cell culture medium at 20 hpi. The time-lapse image series shows
a period of about 21.5 min, starting at about 31.5 hpi. Bacterial movement during release was tracked at 37°C, and the maximum z-projection of the
fluorescence channel (C. burnetii, red) was merged with a single representative plane of the bright-field channel. Trajectories are shown as green lines. The first
row displays selected bright-field images of the LCI analysis. The second row shows the overlay of the selected bright-field images with maximum z-projection
of red fluorescent bacteria. The third and fourth rows depict corresponding detail views of the bacterial exit process as bright-field images and as overlays with
red fluorescent bacteria. The time-lapse movie is included in the supplemental material (Movie S3).
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local and convex membrane protrusion on the cell surface. Released bacteria seem to
remain on the outside of the cell membrane for some time before they are set free.

In conclusion, our findings show that NK cells are able to impair the growth of
internalized Coxiella, which is reminiscent of the previously described situation with
Chlamydia (5). As with Chlamydia, NK cells expel Coxiella within 24 to 48 hpi by
releasing them into the extracellular environment.

C. burnetii-infected NK cells display functional maturation and release infec-
tious bacterial structures by degranulation. Next, we examined whether the “tran-
sient” Coxiella infection, which is characterized by uptake and subsequent expulsion of
the bacteria, also activates NK cells, as previously observed for Chlamydia-infected NK
cells (5). To this end, KY-2 cells were infected with Coxiella for 48 h, and surface
expression of CD107a was measured by flow cytometry (Fig. 3a). In parallel, we
analyzed the release of granzyme B (Grzm B) and IFN-� by enzyme-linked immunosor-
bent assay (ELISA) (Fig. 3b). All assays demonstrated that C. burnetii-infected KY-2 cells
were activated and degranulated. Accordingly, PKC� underwent phosphoactivation
(Fig. 3c), a step triggering downstream signaling, activation, and degranulation in NK
cells (22), and the PKC� inhibitor sotrastaurin (71) strongly suppressed Coxiella release
(Fig. 3d). To assess whether C. burnetii is able to grow at all inside NK cells when

FIG 3 Activation of KY-2 cells during C. burnetii infection. (a) Flow cytometric analysis of NK cell degranulation via staining of surface CD107a/LAMP1 (left) on
noninfected and C. burnetii-infected KY-2 cells (24 hpi; MOI, 10). KY-2 cell endocytosis was inhibited 12 hpi by MDC to stabilize surface-expressed
CD107a/LAMP1. Cells were first stained for surface CD107a/LAMP1 and then fixed. After mild permeabilization, pretreated cells were stained for intracellular
bacteria. The corresponding histogram plot (right) shows the relative increase of the surface CD107a/LAMP1 (noninfected controls were set to 1 (*, P � 0.05
versus control [noninfected]; n � 3; mean � SD). (b) Secretion of Grzm B (left) and IFN-� (right) of infected KY-2 cells (0 to 72 hpi; MOI, 10) measured by ELISA
(**, P � 0.01, and ****, P � 0.0001, versus noninfected control; n � 3; mean � SD). (c) Analysis of PKC� phosphoactivation during KY-2 cell infection. KY-2 cells
were infected or not with C. burnetii (MOI, 10) for 72 h and analyzed by Western blots probed for P-PKC�, PKC�, and coxHSP60 (top). GAPDH served as a loading
control. After densitometric analysis (bottom), the P-PKC�/PKC� ratio was plotted (gray histogram) and compared to the control of noninfected KY-2 cells
(black histogram; controls were set to 1; *, P � 0.05, versus noninfected control; n � 3; � SD). (d) Western blot analysis of coxHSP60 in infected KY-2 cells (MOI
10) (top) and culture supernatants (bottom) in the absence or presence of PKC� inhibitor sotrastaurin (250 nM) 24 hpi and 72 hpi. GAPDH and Ponceau-S
staining served as loading controls for cell lysates and culture supernatants, respectively.

Matthiesen et al. Infection and Immunity

November 2020 Volume 88 Issue 11 e00172-20 iai.asm.org 6

 on O
ctober 26, 2020 at U

N
IV

 B
IB

LIO
T

H
E

K
 G

R
E

IF
S

W
A

LD
http://iai.asm

.org/
D

ow
nloaded from

 

https://iai.asm.org
http://iai.asm.org/


bacterial release is blocked, kinetics of Coxiella-infected cells were analyzed in the
presence of sotrastaurin. In contrast to the case with Coxiella-infected L929 reporter
cells, which showed a continuous growth of the bacteria over 72 h (Fig. S2), no increase
in the bacterial load was observed for infected NK cells with blocked degranulation (Fig.
S2). Thus, NK cells do apparently not provide the optimal vacuolar environment for the
optimal intracellular growth of Coxiella.

Degranulation of NK cells is a process of regulated secretion (72) of granules with
sizes between 0.2 and 1 �m (73). This allows the incorporation of Coxiella small-cell
variants (SCVs) (diameter, 0.2 to 0.3 �m) and large-cell variants (LCVs) (diameter, 0.5 to
1 �m) into these vacuoles. Thus, given a nearly simultaneous release of C. burnetii (Fig.
1) and Grzm B (Fig. 3b), we asked whether Coxiella structures are localized within
secretory granules of infected NK cells, as is the case with Chlamydia (5). KY-2 cells were
infected with Coxiella and analyzed by electron microscopy. In noninfected KY-2 cells
(control), secretory granules were detectable as type II vacuolar structures (74) con-
taining lamellar and vesicular material (Fig. 4a). In contrast, in infected cells (24 hpi),
most of the secretory granules were filled with electron-dense material (Fig. 4a and b)
and large round structures (diameter, 0.2 to 0.3 �m) corresponding in size to Coxiella
SCVs or LCVs. A smaller bacterial fraction was associated with outer cell surface
membrane structures (24 hpi), suggesting that they were on their way out or had
already been released into the environment (Fig. 4a, middle, arrowheads). At 72 hpi,
only a small fraction of bacteria remained inside the cells (Fig. 4a, right). This suggests
that bacterial material was in physical contact with secretory granules and that the
release of Coxiella was linked to degranulation in infected KY-2 cells. Consistent with
this, C. burnetii structures colocalized with perforin-positive granules, whereas in non-
infected cells, perforin resided in circular structures near the nucleus (Fig. 4c). Analysis
of the expulsed Coxiella by immunofluorescence, Western blotting, and electron mi-
croscopy revealed that the extracellular bacteria were associated with perforin (Fig. 5a,
left, and Fig. S1) and that some bacterial structures were characterized by aberrant large

FIG 4 Characterization of intracellular C. burnetii in infected KY-2 cells. (a) TEM of noninfected (control) and C. burnetii-infected (24 hpi and 72 hpi; MOI, 10) KY-2
cells. Arrowheads indicate cell surface membrane-associated Coxiella structures. (b) TEM of C. burnetii-infected (24 hpi; MOI, 10) KY-2 cells. Arrowheads indicate
electron-dense intracellular Coxiella structures associated with secretory granules of KY-2 cells. (c) Immunofluorescence analysis of perforin (green) and C.
burnetii (red) in infected (24 hpi; MOI, 10) and noninfected KY-2 cells. DNA was stained via DAPI (blue).
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electron-dense material (Fig. 5a, middle). Nevertheless, a direct comparison with C.
burnetii from infectious stock cultures (Fig. 5a, right) revealed that a well-detectable
amount of intact Coxiella was present in the released pathogen fraction of NK cells.
Chlamydia psittaci released by NK cells was also characterized by perforin association
(Fig. 5b, left, inset). However, in contrast to the situation with Coxiella, the NK cell-
released Chlamydia seemed to be structurally disordered (Fig. 5b, left) and, in contrast
to C. psittaci from infectious chlamydial stocks (predominantly elementary bodies [EBs]),
had a low electron density and no detectable intact outer membrane structures (Fig.
5b, right).

Taken together, these findings suggest that a large proportion of structurally intact
Coxiella survives the uptake into lytic granules and the subsequent export via degran-
ulation. Accordingly, we found that NK cell-released C. burnetii, which is highly resistant
to low pH (pH 4 to 5) (75) (Fig. 6a, top) and the bactericidal protease Grzm B (11) (Fig.
6b), maintained its infectivity when measured in standard reporter cells (Fig. 6c). These
findings are in clear contrast to the pH and Grzm B sensitivities of Chlamydia (46–48)
(Fig. 6a, bottom) and the situation with Chlamydia-infected NK cells, in which the
released bacteria completely lose their infectious properties (Fig. 6c) (5).

To see whether NK cell-released C. burnetii is still able to grow and replicate in
reinfected reporter cells, we analyzed the reinfection of L929 cells at different time
points (24, 48, and 72 h) (Fig. 7a, top). Indeed, flow cytometry analysis to detect
intracellular bacteria showed a time-dependent and continuous increase of cellular
infection and bacterial load (relative mean fluorescence intensity [MFI] of bacterium-
positive cells increased 5-fold between 24 and 72 hpi) (Fig. 7a, bottom). In addition,
immunofluorescence studies revealed that CCV formation in reinfected reporter cells
was comparable to that in cells infected with original Coxiella stocks (Fig. 7b). Consis-
tent with this, we also observed that C. burnetii released by NK cells was able to initiate
successive rounds of L929 reinfection (Fig. 7c).

FIG 5 Characterization of extracellular C. burnetii and C. psittaci released by infected KY-2 cells. (a) The left image depicts an immunofluorescence
analysis showing colocalization of perforin (green) and KY-2 cell-released C. burnetii (red) 24 hpi (MOI, 10). A TEM analysis of NK cell-released
bacterial structures (72 hpi; MOI, 10) is shown in the middle image. Black stars indicate intact C. burnetii, whereas black diamonds mark largely
deformed, aberrant bacterial structures. The TEM analysis of purified C. burnetii stocks from infected L929 cells containing LCVs and SCVs of C.
burnetii is shown in the right image. (b) The first image depicts a TEM analysis of NK cell-released chlamydial structures. The inset highlights an
immunofluorescence analysis showing colocalization of perforin (green) and KY-2-released C. psittaci (red) at 24 hpi (MOI, 10). A TEM analysis of
an infectious C. psittaci stock is shown in the second image from the left. The two images on the right show enlarged TEM pictures of Chlamydia,
either released from NK cells by degranulation or harvested from an infectious stock culture.
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FIG 6 C. burnetii survives the cellular defense (granule uptake and release) of infected NK cells. (a) C. burnetii
and C. psittaci were preincubated in citrate buffer at pH 4 and 5 or in Tris buffer at pH 7 (control) for 18 h at

(Continued on next page)

Coxiella Survives NK Cell Infection and Release Infection and Immunity

November 2020 Volume 88 Issue 11 e00172-20 iai.asm.org 9

 on O
ctober 26, 2020 at U

N
IV

 B
IB

LIO
T

H
E

K
 G

R
E

IF
S

W
A

LD
http://iai.asm

.org/
D

ow
nloaded from

 

https://iai.asm.org
http://iai.asm.org/


Our standard reporter cell line used for Coxiella infections and reinfections was L929
(Fig. 1 and 5). To rule out that the observed loss of infectivity of NK-cell released
Chlamydia was a BGM cell line-specific phenomenon, additional experiments were
carried out in which the L929 cells were also infected or reinfected with C. psittaci (Fig.
S3). These studies confirmed further that regardless of the reporter cell line used, C.
psittaci was sensitive to low pH (Fig. S3a) and Grzm B (Fig. S3b) treatment and when
released by NK cells lost its infectivity (Fig. S3c).

Next, we examined whether primary NK and KY-2 cells show the same properties
when infected with C. burnetii. To this end, primary NK cells were isolated from the
spleens of C57BL/6 mice (with �96% purity) and then infected. coxHSP60-specific
immunoblotting of cell extracts and culture supernatants demonstrated efficient Cox-
iella release into the environment (Fig. 8a). The time-dependent expulsion of bacteria
in infected primary NK cells was furthermore confirmed by flow cytometry (Fig. 8b). As
for KY-2 cells, infected primary NK cells displayed low numbers of dead cells at all
analyzed time points, suggesting that their time-dependent reduction was not related
to cell death (Fig. 8c). Moreover, in further agreement with the results obtained with
infected KY-2 cells, the release was sotrastaurin sensitive (Fig. 8d), and no perinuclear
CCV appeared during the infection (Fig. 8e). Peripheral small bacterium-containing
structures colocalizing with perforin were observed inside and outside infected NK cells
at 12 to 24 hpi (Fig. 8e). Following our previous observations on Chlamydia (5), this
suggests that immortalized and primary NK cells use the same cellular defense strategy
(uptake and subsequent degranulation) during infection. However, again as with KY-2
cells, Coxiella released from lytic granules of primary NK cells retained much of its
infectivity (Fig. 8f), which was still not observed for NK cell-released chlamydia (regard-
less of the reporter cell system used) (Fig. 8f and Fig. S4). We also observed in this study
that Coxiella released from primary NK cells can grow and multiply in reinfected
reporter cells (Fig. 9a), form comparable CCVs there (Fig. 9b), and remain infectious in
successive rounds of reporter cell infection (Fig. 9c).

DISCUSSION

Recently, we demonstrated that NK cells are functionally activated by chlamydial
infection. During this cellular self-defense process, intracellular bacteria are translo-
cated into lytic granules and then released by infected NK cells via degranulation in an
inactivated noninfectious form (5). Chlamydia normally replicates within nonacidified
vacuoles. These vacuoles receive lipids from exocytic vesicles derived from the trans-
Golgi network but are disconnected from the regular endo-/lysosomal pathway (49). In
Chlamydia-infected NK cells, however, internalized bacteria are targeted to lytic gran-
ules (5), an acidic, protease-rich environment hostile to the organisms (5). Here, we
show that C. burnetii invading NK cells is similarly targeted to lytic granules and leads
to comparable NK cell activation (Fig. 1 and 5). However, Coxiella released via degran-
ulation (Fig. 1 and 2) largely retains its infectivity (Fig. 6 to 9).

FIG 6 Legend (Continued)
4°C. After infection (MOI, 10) of suitable reporter cells (L929 and BGM; 72 hpi), infectivity was measured by flow
cytometry (top). Bacterium-positive cells (green) were identified and gated (left) as described in the legend to
Fig. 1. The corresponding histogram plots (right) show the number of positive cells (controls were set to 1
[infected without preincubation]; *, P � 0.05, **, P � 0.01, and ***, P � 0.001, versus control; n � 3; mean �
SD). (b) Western blot analysis of cell infection after treatment of purified Chlamydia or Coxiella with Grzm B.
Both pathogens were incubated with Grzm B or left untreated. The bacteria were then washed and used for
the infection of reporter cells (L929 for Coxiella and BGM for Chlamydia; 72 hpi; MOI, 30). Bacterial HSP60
(bactHSP60) signal intensities were measured by densitometric analysis (left). GAPDH served as a loading
control. The obtained results of three independent experiments are depicted as a histogram plot (right)
(signals of untreated samples were set to 1; n.s., ***, P � 0.001, versus untreated samples; n � 3; mean � SD).
(c) Flow cytometry of the infectivity of culture supernatants (sup.) from KY-2 cells. KY-2 cells were infected with
bacteria (Chlamydia or Coxiella; MOI, 10 [10 IFU/cell]) or not for 72 h. GEs were determined by qPCR. To
compare the infectivity of original stocks and NK cell-released bacteria, equal amounts of GEs (Coxiella and
Chlamydia infections, 70 GEs/cell) were used in parallel experiments for reporter cell infection (L929 and BGM).
Bacterium-positive cells (green) were identified and gated (upper panel) as described in the legend to Fig. 1.
The corresponding histogram plot (bottom) shows the relative number of infected reporter cells (controls
were set to 1 [original stocks]; *, P � 0.05, and ***, P � 0.001, versus controls; n � 3; mean � SD).
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In contrast to Chlamydia, C. burnetii replicates in acidified compartments with
(auto)phagolysosomal characteristics (76). Lysosomal membrane markers and enzymes,
as well as molecules internalized by fluid-phase endocytosis, are found in CCVs (76).
Moreover, bacterium-containing vacuoles fuse with organelles of the phagocytic/
endocytic system (77–79). Acidic lysosomes contain a myriad of hydrolases and nor-
mally form a natural defense against phagocytosed bacteria. However, Coxiella is
adapted to this environment and therein undergoes a biphasic development (80). Our
experiments show that Coxiella survives an 18-h incubation at pH 4 and 5 (up to 75%
survival), while Chlamydia seems to have only short-term pH stability (Fig. 6a). In fact,
the acid milieu is essential for C. burnetii replication, as raising the lysosomal pH with
lysosomotropic amines or proton pump V-ATPase inhibitors reduces the growth of the
bacterium (49, 57). Thus, regarding their nature and properties, the distinct compart-
ments occupied by Coxiella and Chlamydia represent polar opposites within the
spectrum of the intracellular vacuolar system. C. burnetii enters NK cells via clathrin-
mediated endocytosis (Fig. 1), which is reminiscent of Coxiella uptake into epithelial
cells and/or mononuclear phagocytes (68, 81). Hence, it is tempting to speculate that
targeting of the bacteria into lytic granules is related to the conventional endo-/
lysosomal transport of C. burnetii into acidic compartments.

FIG 7 Growth/replication of Coxiella released from KY-2 cells. (a) Flow cytometry of the Coxiella growth/replication in L929 cells infected with bacteria expulsed
by KY-2 (top). NK cells were infected with C. burnetii (MOI, 10 [10 IFU/cell]) or not for 72 h. Bacteria from corresponding culture supernatants were centrifuged
and washed. GEs of the pellet fractions were determined by qPCR, and 70 GEs/cell were used for L929 cell infection and analyzed for different time points (control,
24 to 72 h). Bacterium-positive cells (green) were identified and gated (top) as described in the legend to Fig. 1. The corresponding histogram plots (bottom) show
the relative number of infected reporter cells (control, 24 to 72 hpi) (values obtained for 72 hpi were set to 1; **, P � 0.01, and ***, P � 0.001, versus controls; n � 3;
mean � SD). (b) Immunofluorescence analysis of C. burnetii (green) in infected and reinfected (70 GEs/cell) L929 cells (72 hpi). DNA was stained via DAPI (blue). (c)
Successive reinfection of L929 cells. Centrifuged/washed bacteria expulsed by infected KY-2 cells were used for an L929 cell reinfection assay (1. reinfection, 70 GEs/cell).
After 72 h, one-half of the infected cells was examined for infection by flow cytometry. The other half was homogenized to harvest Coxiella for a second reinfection
round in L929 cells (2. reinfection). As with the 1. reinfections, flow cytometry was performed after 72 hpi.
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Lytic granules represent secretory lysosomes, have an acidic pH, and combine the
degradative function of conventional lysosomes with the capacity to undergo regu-
lated exocytosis (1). After entering NK cells, C. burnetii interacts with the host endo-/
lysosomal transport machinery and its vacuole fuses with secretory instead of conven-
tional lysosomes. Nevertheless, the intracellular LCV of Coxiella has a unique resistance
to low pH as well as the highly degradative machinery of host cells (Fig. 6) (30, 82). C.
burnetii does not actively inhibit lysosome function as an intracellular survival mecha-
nism. Instead, Coxiella resists degradation and successfully replicates in digestive
vacuoles that fully mature through the endo-/lysosomal pathway (56). Moreover, acidic
vacuoles harboring Coxiella are proteolytically active and contain various lysosomal
proteases, also present in lytic granules of NK cells (56, 83, 84). How C. burnetii resists
low pH and the proteolytic environment within endo-/lysosomal compartments is still
unclear. The resistance of the pathogen does not require pathogen metabolism,
though, because chloramphenicol-treated organisms remain viable for several days in
lysosome-like vacuoles of Vero cells (64). Furthermore, full-length lipopolysaccharide
(LPS) of phase I Coxiella is also not required for protection (56). However, it might be
possible that Coxiella combats the low pH and proteolytic environment via the syn-
thesis of peptidoglycan-associated proteins, which are apparently protease resistant
(85).

Recent findings of Samata and colleagues show that C. burnetii is able to inhibit
endosomal/lysosomal maturation to reduce the number of proteolytically active lyso-
somes available for fusion with CCVs, probably as a mechanism to regulate the pH of

FIG 8 C. burnetii infection of primary NK cells. (a) Western blot of infected primary NK cells (0 to 72 hpi; MOI, 10) showing coxHSP60 in cell lysates (intracellular)
and culture supernatants (extracellular) (left). GAPDH served as a loading control. coxHSP60 signals were determined by densitometric analysis (right). The signal
of total coxHSP60 at 24 hpi was set to 100. (b) Flow cytometric analysis of C. burnetii infection in KY-2 cells (0 to 72 hpi; MOI, 10). The depicted plot displays
the relative amount of infected cells. The maximum value at 24 hpi was set to 1 (**, P � 0.01, and ***, P � 0.001, versus 24 hpi; n � 3; � SD). (c)
Necrotic/apoptotic KY-2 cells during Coxiella infection (0 to 72 hpi; MOI, 10) were identified by trypan blue staining (n.s. versus 0 hpi; n � 3; mean � SD). (d)
Western blot and protein staining of coxHSP60 in infected primary NK cells (MOI, 10) as well as culture supernatants in the presence of sotrastaurin (72 hpi).
Ponceau-S staining served as a loading control. (e) Immunofluorescence microscopy shows colocalization of perforin (green) and C. burnetii (red) in infected
primary NK cells (24 hpi; MOI 20) (left) and for NK cell-released C. burnetii (12 hpi, MOI 20) (right). DNA was stained with DAPI (blue). (f) Flow cytometry of the
infectivity of culture supernatants from primary NK cells. Primary NK cells were infected with bacteria (Chlamydia or Coxiella; MOI, 10) or not for 72 h. GEs were
determined by qPCR. Equal amounts of GEs (Coxiella and Chlamydia infections, 70 GEs/cell) were used in parallel experiments for reporter cell infection. The
corresponding histogram plot shows the relative number of infected reporter cells (controls were set to 1 [original stocks]; **, P � 0.01, and ***, P � 0.001, versus
controls; n � 3; mean � SD).
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bacterial compartments (86). No such vacuolar subversion strategy is known for Chla-
mydia, which diverges from the endocytic pathway early on, modifying its vacuole so
that it resembles an exocytic vacuole (87). It is therefore tempting to speculate that this
strategy of Coxiella could also be used to modulate the pH and environment of lytic
granules in infected NK cells to allow survival/infectivity of C. burnetii during granule
release (Fig. 6) but apparently not growth within these compartments (Fig. S2). It will,
therefore, be interesting to see in future studies whether and to what extent there are
differences in the compositions or activities of the lytic granules released by Coxiella-
and Chlamydia-infected NK cells.

Our findings demonstrate that NK cells are directly activated during C. burnetii
infection (Fig. 3), possibly a consequence of TLR2-dependent recognition of the bac-
teria (18). In line with this, our present studies show that Coxiella-infected NK cells
display phosphoactivation of PKC� (Fig. 3). This kinase functions as a signaling inter-
mediate downstream of surface receptors in the PKC pathway (88) and is critically
involved in activation/degranulation processes (89, 90). Accordingly, the PKC�-
inhibitor sotrastaurin (71) impairs the release of Coxiella via degranulation (Fig. 3d). It
has been suggested that full-length LPS of phase I Coxiella acts as a virulence factor by

FIG 9 Growth/replication of Coxiella released from primary NK cells. (a) Flow cytometry of the Coxiella growth/replication in L929 cells infected with bacteria
expulsed by primary NK cells (top). NK cells were infected with C. burnetii (MOI, 10 [10 IFU/cell]) or not for 72 h. GEs were determined by qPCR, and 70 GEs/cell
were used for L929 cell infection and analyzed for different periods (control, 24 to 72 h). Bacterium-positive cells (green) were identified and gated (top) as
described in the legend to Fig. 1. The corresponding histogram plots (bottom) show the relative number of infected reporter cells (control, 24 to 72 hpi) (values
obtained for 72 hpi were set to 1; **, P � 0.01, and ***, P � 0.001, versus controls; n � 3; mean � SD). (b) Immunofluorescence analysis of C. burnetii (green)
in infected and reinfected (70 GEs/cell) L929 cells (72 hpi). DNA was stained via DAPI (blue). c) Successive reinfection of L929 cells. Centrifuged/washed bacteria
expulsed by infected primary NK cells were used for an L929 reinfection assay (1. Reinfection, 70 GEs/cell). After 72 h, one-half of the infected cells was examined
for infection by flow cytometry. The other half was homogenized to harvest Coxiella for a second reinfection round in L929 cells (2. reinfection). As with the
1. reinfections, flow cytometry was performed after 72 hpi.
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shielding the outer membrane, thereby conferring resistance to complement-mediated
killing (91), and by masking surface TLR ligands from innate immune recognition by
human DCs (33, 92). In contrast, exposure of phase II TLR surface ligands is thought to
stimulate potent activation and maturation of infected DCs as well as the release of
proinflammatory cytokines (33, 92). Thus, it would be interesting to learn whether the
infection of NK cells with phase I Coxiella also leads to PKC�-dependent NK cell
activation and the release of infective C. burnetii via degranulation. Our laboratory is
currently working on this question by comparing NK cell infection by phase I and phase
II Coxiella.

In contrast to the case with B and T cells, which efficiently fight C. burnetii infections
(39, 40, 93, 94), little is known about the functional role of NK cells during the immune
response against Coxiella. Although NK cell deficiencies lead to enhanced histopathol-
ogy during C. burnetii infection, it seems that NK cells have an only moderate overall
impact on pathogen clearance (39). Thus, in line with our findings, it appears that
Coxiella-infected NK cells can contribute to some extent to the immune response
against the bacteria as well as to the control of infection by releasing IFN-� (Fig. 3).
However, they do not prevent the spread of cellular infection by killing the pathogen
via granule-mediated self-defense, as NK cell-released C. burnetii largely remains infec-
tious (Fig. 6 to 9).

Based on this, we postulate the following working model (Fig. 10). Upon uptake into
NK cells, the infection activates the host cells via PKC�, driving increased IFN-�
secretion. The pattern recognition receptors (PRRs) NOD2 and TLR2, which are crucial
for the induction of the immune response against C. burnetii (95, 96), are also involved
in pathogen-mediated activation of NK cells (97), suggesting that they might trigger the
respective pathways in Coxiella-infected NK cells. During this activation process, Coxiella
structures fuse with lytic granules/secretory lysosomes that are then released via
degranulation within 24 h. The release process is much shorter than the regular
intracellular development cycle of C. burnetii (5 to 7 days). Therefore, it is rather unlikely
that the bacteria have already transformed from SCVs to replicative LCVs. Together with
intact Coxiella, deformed bacterial structures are released (Fig. 5). This may result from
the failure of some of the organisms to complete the normal intracellular developmen-
tal cycle in infected NK cells before degranulation. Nevertheless, we assume that the
majority of invading Coxiella organisms survive their transient inhabitance of these
acidic and degrading compartments and largely retain infectivity upon release via
degranulation (Fig. 6 to 9).

In Grzm B sensitivity, there is a clear contrast between Coxiella and Chlamydia (Fig.

FIG 10 Working model of bacterial escape from cellular self-defense of C. burnetii-infected NK cells. The
depicted model shows the transient C. burnetii-infection of NK cells triggering activation, cytokine
secretion, bacterial granule fusion, and release of infectious Coxiella.
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6b and Fig. S3b), suggesting a difference in the protease sensitivities of the two
bacterial pathogens. Indeed, chlamydial surface proteins are known to be protease
sensitive (98). Moreover, the bacteria avoid any contact with the proteolytic machinery
of lysosomes, which is used to eliminate the pathogen from host cells. For C. psittaci
and C. trachomatis, it has been demonstrated that the protease sensitivities of their
surface proteins have negative consequences for the attachment to host cells (99–101).
In contrast, C. burnetii seems to have the property to resist proteolytic degradation by
intracellular host cell proteases. This does not require bacterial metabolism (64) or
full-length LPS (56). The results suggest that Grzm B deficiency in mice does not
significantly alter their susceptibility to C. burnetii infection, indicating that the granule
protease does not contribute to the control of Coxiella infections (102). One possible
strategy of Coxiella could be the use of protease-resistant surface polypeptides (85),
which may also affect the proteolytic attack by Grzm B and protect or shield the
bacteria. Clearly, further studies are essentially required to understand the proteolytic
resistance strategy of C. burnetii.

In noninfected NK cells, the perforin-containing granules were frequently present in
perinucleus-centered radial arrangements (Fig. 4). In contrast, in Coxiella-infected NK
cells, these characteristic intracellular structures were rearranged during degranulation,
and the perforin-containing granules colocalized with the bacteria below the cell
surface (Fig. 4). This behavior of infected NK cells strongly resembles the well-described
granule export events in conventionally (receptor-) activated NK cells (1). Lytic granules
are initially recruited along microtubules (MTs) that converge toward the microtubule-
organizing center (MTOC) in the perinuclear region. On recognition of a target cell, NK
cells are activated, and the cytoskeleton (including actin filaments and MTs) is reorga-
nized. In consequence, granules move and polarize into close apposition with the cell
surface, fuse with the plasma membrane, and release their lytic content of perforins and
granzymes to the space between NK and target cells. Therefore, it is tempting to
assume that the two degranulation scenarios differ only in that the release process
takes place in infected NK cells without alignment to an extracellular target.

Interestingly, it seems that perforin (in contrast to IFN-� and Grzm B) is physically
attached to the released extracellular bacteria (Fig. 5 and 8; Fig. S1). This may have
functional importance, because perforin is known to activate clathrin-dependent en-
docytosis (103), which is required for the uptake of Coxiella by the respective target
cells (68). Hence, it is conceivable that this might even support the spread of bacteria
from infected NK cells to neighboring target cells. Thus, our data suggest that NK cells
could play a critical role in the early steps of C. burnetii infection. Studies based on this
should examine the mechanisms by which Coxiella spreads from infected NK cells to
other host cells. In this context, it is interesting that C. burnetii is also able to infect
neutrophils (61). Moreover, the pathogen is viable within neutrophils, although it does
not replicate. Coxiella inside neutrophils infects and replicates within macrophages,
which engulf infected cells via phagocytosis, suggesting that neutrophils are unable
to kill the bacteria and that Coxiella may use the infection of neutrophils as an
evasive strategy to infect macrophages (61). In fact, this may be a survival mech-
anism of C. burnetii to transfer from a harsh, hostile environment (phagosome of a
neutrophil) to a more preferred environment in macrophages (61). In addition to
macrophages, neutrophils, and NK cells, other cells of the innate immune system
might also be involved in the spread of the infection. These include phase I
Coxiella-infected DCs, which are known to be impaired in their proper maturation
and function (33, 104) and thus may contribute to tolerance (and/or ignorance) of
bacterial antigens (29).

In summary, C. burnetii appears to subvert cell-autonomous resistance in NK cells.
This may reflect a crucial Achilles heel in the innate immune response against the
pathogen. Future experiments should aim to clarify the consequences of this during
natural infections.
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MATERIALS AND METHODS
Cell culture. The murine NK cell clone KY-2 (a kind gift from W. Yokoyama, Washington University

School of Medicine) (105) was cultivated at 37°C and 7.5% CO2 in RPMI 1640 medium supplemented with
2 mM L-glutamine, 10% fetal calf serum (FCS), �-mercaptoethanol (10 �M), and 200 U/ml of interleukin
2 (IL-2). Immortalized murine fibroblasts (L929) were used as reporter cells and were obtained from the
ATCC (CCL-1). The epithelial African green monkey kidney cell line (BGM) was obtained from the National
Reference Laboratory for Chlamydiosis of the Friedrich-Loeffler-Institut, Jena, Germany (CCLV-RIE 136).
Cells were grown at 37°C and 7.5% CO2 in Iscove’s modified Dulbecco’s medium (IMDM) supplemented
with 10% FCS. Cellular uptake was analyzed by the use of a specific inhibitor (monodansylcadaverine
[MDC] for inhibition of clathrin-dependent endocytosis) (Sigma-Aldrich). Sotrastaurin [3-(1H-indol-3-yl)-
4-(2-(4-methylpiperazin-1-yl)quinazolin-4-yl)-1H-pyrrole-2,5-dione; Cayman Biochemical] as a pan-protein
kinase C (PKC) inhibitor was used to block PKC�-dependent cellular degranulation.

C. burnetii NMII RSA 439. Infection studies were performed with C. burnetii NMII RSA 439 (phase II,
low virulence) and tdTomato-expressing C. burnetii NMII RSA 439 (phase II, low virulence). The tdTomato
gene was amplified from pKM244mod-tdTomato (106) by standard PCR using the primers a533 (5=-GA
TTTAAGAAGGAGATCTGCAGATGGTGTCAAAAGGAG-3=) and a534 (5=-AAGCTTGCATGCCTCAGTCGACTTAT
TTATAAAGTTCATCCATGC-3=). The vector pJB-CAT-ProA-mCherry (kindly provided by Robert Heinzen and
Paul Beare) was digested with PstI and SalI. Digested vector and the purified PCR product were ligated
using the Gibson assembly method (107). The tdTomato-encoding plasmid pJB-CAT-ProA-TdTomatoCC
was used to electroporate and transform the bacteria cultured in host-cell free medium ACCM-D (108).
Transformation of C. burnetii was performed as described before (106, 109) and was approved by the
government of Lower Franconia, Germany (8791.27.36.25). Selection was carried out on ACCM-D agar
plates containing 3 �g/ml of chloramphenicol (CA). Screening for positive clones was performed after 10
to 14 days of growth by PCR using the primers a535 (5=-CACAGCTAACACCACGTCGTCC-3=) and a537
(5=-CTGCATCACTGGCCCATCGG-3=). Positive clones were expanded in liquid ACCM-D medium containing
3 �g/ml of CA and analyzed by fluorescence microscopy. For the preparation of bacterial stocks, murine
fibroblasts (L929) were infected with C. burnetii at a multiplicity of infection (MOI) of 30 to 50,
corresponding to 30 to 50 infection-forming units (IFU)/cell, and cultured at 37°C and 7.5% CO2 for
2 weeks. Subsequently, cell culture supernatants were collected and centrifuged at 5,000 � g for 30 min
at 4°C and stored on ice. The pellet was washed with H2O and centrifuged again (5,000 � g for 30 min
at 4°C). The remaining cell fraction was incubated with H2O for 45 min for hypoosmotic cell lysis,
collected, and centrifuged at 250 � g for 10 min at 4°C. The supernatant was collected and stored on ice.
The corresponding pellet was mixed with H2O, resuspended with different cannulas (G18 and G22), and
centrifuged at 250 � g for 10 min at 4°C. All supernatants were collected and centrifuged at 5,000 � g for
30 min at 4°C. The resulting pellet containing purified C. burnetii was mixed with sterile phosphate-
buffered saline (PBS) and stored at – 80°C. The vital titer (IFU per milliliter) and MOI (IFU per cell) were
determined as previously described (67).

Coxiella organisms released by infected NK cells were centrifuged to remove soluble proteins and
nonassociated factors (10,000 � g for 30 min at 4°C). Coxiella-containing pellet fractions were then
washed three times with large volumes of cold PBS. After resuspension in culture medium, the pellet
fraction was used for GE determination and reporter cell infection. Immunoblots (Fig. S1) were used to
analyze the pelleted bacteria from NK cell supernatants.

C. psittaci DC15. The nonavian C. psittaci strain DC15 (110) was grown in BGM cells. Briefly, the cells
were cultivated in antibiotic-free medium, and confluent cultures were infected with 5 � 107 IFU. After
48 h of cultivation at 37°C and 7.5% CO2, Chlamydia-containing cells were harvested, and the bacterial
suspension was sonicated three times for 10 s at 100 W in an ultrasonic bath. The supernatant was
carefully transferred to ultracentrifuge tubes after centrifugation (4,000 � g for 3 min at 4°C). Then, the
suspension was underlaid with Visipaque (Nycomed) solutions of different concentrations (2 ml of 8%
solution, 3 ml of 15% solution, and 5 ml of 30% solution) (111). Afterward, the tubes were centrifuged at
40,000 � g for 50 min and 4°C. The pellet fraction was resuspended in PBS and used for a second
ultracentrifugation whereby the obtained fraction was again carefully underlaid with different Visipaque
solutions (1 ml of 8%, 1 ml of 15%, 1 ml of 30%, 12 ml of 36%, 8 ml of 40%, and 5 ml of 47%). After the
second ultracentrifugation (50,000 � g for 50 min at 4°C), infectious elementary bodies (EBs) were found
between the 40% and 47% layers. This gradient fraction was diluted in PBS and centrifuged again
(30,000 � g for 50 min at 4°C). Finally, the pellet of enriched EBs was resuspended in sucrose-phosphate-
glutamic acid buffer (SPGA) and stored at –70°C.

Determination of genome equivalents (GEs). For quantitative real-time PCR (qPCR) analysis, C.
burnetii DNA was extracted from stocks, infected cells, and culture supernatants using the DNeasy blood
and tissue kit (Qiagen) according to the manufacturer’s instructions for Gram-negative bacteria. The dotA
PCR assay amplifies a 65-bp fragment of the C. burnetii singular chromosomal dotA gene (GenBank
accession no. ABS78182.2). dotA primers (forward, dotA_for [5=-GCGCAATACGCTCAATCACA-3=; positions
1336 to 1355], and reverse, dotA_rev [5=-CCATGGCCCCAATTCTCTT-3=; positions 1382 to 1401]; synthe-
sized by Metabion) were adapted from the literature (33, 53). As a positive control, a pcDNA3.1_dotA
vector was constructed by ligating a 109-bp fragment derived from C. burnetii dotA, which contains the
primer binding sites, into pcDNA3.1 (Thermo Fisher Scientific). We used 10-fold serial dilutions of the
dotA vector to generate standard curves for the determination of gene copy numbers. qPCR was
performed using the iScript one-step real-time PCR kit in combination with SYBR green (Bio-Rad). All
PCRs were carried out in duplicate in a Bio-Rad CFX96 real-time system (Bio-Rad) (10 s at 95°C, 30 s at
50°C, 44 cycles, followed by a melting-curve analysis: 52°C to 95°C with a temperature increase of 0.5°C).
For C. psittaci, we amplified a 151-bp PCR fragment of the singular chromosomal gyrA gene (GenBank
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accession numbers CP002806.1 and AEG87507.1) with the following gyrA primers: forward, gyrA_for
(5=�GCGAAGCATCGTAAATGCGC�3= [positions 181 to 200]), and reverse, gyrA_rev (5=�AGCCAAAGTTTCC
TTGACCAT�3= [positions 311 to 331]).

Antibodies. To verify bacterial infection in Western blots, immunofluorescence, and flow cytometry,
anti-Coxiella HSP60 (anti-coxHSP60; Enzo Life Science) and an anti-C. burnetii antiserum (67) were used.
Further, antibodies against P-PKC�/PKC�, NK1.1, perforin, CD107a/LAMP1, IFN-�, Grzm B, and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were obtained from Abcam, Cell Signaling, and
Millipore. Secondary antibodies were purchased from Dianova, Thermo Fisher, and BioLegend.

NK cell isolation. Spleens were isolated from uninfected female C57BL/6 mice (8 weeks old). These
were transferred to 15-ml tubes and stored on ice. To release cells, spleens were cut into sections and
passed through a cell sieve (70 �m) with slight pressure. The resultant cell suspension was centrifuged
(10 min at 300 � g and 4°C) and washed with sterile PBS. Afterward, NK cells were isolated by using the
mouse NK cell isolation kit from Miltenyi Biotec. This isolation was followed by a negative-selection
process in which all “non-NK cells” were bound by a mix of biotin-coupled antibodies and depleted with
anti-biotin antibodies from the cell suspension. The separation was carried out by applying a magnetic
field through a magnetic activated cell sorter (MACS) from Miltenyi Biotec. Eluted NK cells were collected
in culture medium containing IL-2 (200 U/ml). To determine the purity of the isolated NK cells, the cells
were stained with a phycoerythrin (PE)-coupled anti-NK1.1 antibody and measured in a MACSQuant flow
cytometer (Miltenyi Biotec). The final control revealed that 96% of the purified cells were positive for
NK1.1.

Western blotting. Cells were lysed on ice in RIPA buffer (150 mM NaCl, 50 mM Tris-HCl, 1% NP-40,
0.25% sodium deoxycholate, cOmplete protease inhibitor [Roche], and 50 mM NaF) with 4 M urea. After
centrifugation (14,000 rpm for 30 min at 4°C), postnuclear supernatants were analyzed in Western blots
as described before (112). SDS-PAGE protein markers were obtained from Serva and Thermo Fisher
Scientific. Fluorographs were scanned and quantified with GelEval 1.32 (FrogDance Software).

Flow cytometry. For intracellular bacterial staining and titer determination, cells were collected,
once washed, and fixed with 2% paraformaldehyde (PFA; 2% in PBS) for 10 min at room temperature (RT).
Fixed cells were permeabilized in flow cytometric washing buffer (0.5% bovine serum albumin [BSA; Carl
Roth], 0.5% saponin [Sigma-Aldrich] in PBS) at RT for 30 min. Subsequently, cells were incubated with the
primary (1 h) and the respective secondary (30 min) antibodies (diluted in flow cytometric washing
buffer) at RT. Staining of surface molecules occurred without PFA fixation and permeabilization. Antibody
staining of cells was performed at 4°C and analyzed via a MACSQuant analyzer and MACSQuantify
software (version 2.11; Miltenyi Biotec).

Immunofluorescence microscopy. For fluorescence microscopy, cells were grown on coverslips and
fixed for 20 min in 2% paraformaldehyde, blocked with 3% BSA, permeabilized with 0.1% saponin
(Sigma-Aldrich), and incubated serially with the desired primary and corresponding secondary antibod-
ies. Images were taken with an Axiovert 200M/ApoTome microscope. Colocalization was measured using
AxioVision colocalization and Zen 2009 software (Zeiss).

IFN-� and Grzm B ELISA. To detect the amounts of IFN-� and granzyme B (Grzm B) in the cell culture
supernatant of C. burnetii-infected or uninfected NK cells, the mouse IFN-� Platinum ELISA and the mouse
Grzm B Platinum ELISA from eBioscience were used. For the analysis, 1 � 105 immortalized NK cells were
cultured in 6-well plates and infected with C. burnetii (MOI, 10) for 0 to 72 h. Cell culture supernatants
were collected at the respective time points, centrifuged for 30 min at 14,000 rpm (4°C), and analyzed via
ELISA according to the manufacturer’s instructions for culture supernatants (50 �l of undiluted super-
natants as well as supernatants diluted 1:50 and 1:100 in PBS).

Transmission electron microscopy. For transmission electron microscopy (TEM) analysis, 5 � 105

NK cells were infected with C. burnetii (MOI, 10; washed 3 hpi). At different time points (0, 24, and 72 hpi),
either cells or cell culture supernatants were processed further. Cells were carefully removed from the
culture flasks and centrifuged at 300 � g for 5 min at 4°C. The resulting pellet was treated with fixing
solution (2.5% glutaraldehyde buffered in 0.1 M sodium cacodylate [pH 7.2], 300 mosmol; Merck) and
embedded in 1.8% low-melting-point agarose (Biozym). Small pieces were postfixed in 1.0% aqueous
OsO4 and stained for contrast with uranyl acetate. After stepwise dehydration in ethanol, cells were
cleared in propylene oxide, embedded in Glycid Ether 100 (Serva), and polymerized at 60°C for 3 days.
Ultrathin sections counterstained with uranyl acetate and lead salts were analyzed with a Tecnai-Spirit
TEM (FEI). For the collection and analysis of released bacteria, cell culture supernatants were centrifuged
at 5,000 � g for 60 min at 4°C. Resulting bacterial pellets were directly embedded in 1.8% low-melting-
point agarose (Biozym) and afterwards treated with a respective PFA fixing solution. The remainder of the
procedure was carried out as described above.

Grzm B assay. For activation, recombinant mouse Grzm B (100 �g/ml; R&D Systems) was first
incubated with 10 �g/ml of recombinant mouse cathepsin C (R&D Systems) in activation buffer (50 mM
morpholineethanesulfonic acid [MES], 50 mM NaCl [pH 5.5]) at 37°C for 4 h. The activated Grzm B was
then diluted to 1 �g/ml in assay buffer (50 mM Tris [pH 7.5]) containing 106 IFU of Coxiella or Chlamydia.
A corresponding experimental approach without Grzm B was chosen for the controls. After incubation
for 4 h at 37°C, preincubated bacteria were directly used for reporter cell infection and then analyzed by
flow cytometry.

Live-cell imaging. A total of 1 � 105 NK cells were seeded in �-dishes (ibidi; 35 mm, low) and
infected with C. burnetii (tdTomato; MOI, 30; washed 3 hpi) to perform live-cell imaging (LCI). During the
LCI experiments, the culture medium was supplemented with 20 mM HEPES. Time-lapse image series
were acquired with a Leica DMi8 microscope (objective, HC PL APO 63�/1.30 GLYC UV; camera,
DFC7000GT) and a Leica DMI6000 TCS SP5 confocal laser-scanning microscope (objective, HCX PL APO
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lambda blue 63�/1.40 oil UV; detection via hybrid detector [HyD]; scan speed, 1,400 Hz; pinhole, 280 �m;
z-step size, 2 �m) at 37°C using a heating chamber (HT200; ibidi) and a heated incubation chamber,
respectively. Time-lapse imaging was started at 24 hpi and continued up to 48 hpi. The frame rates are
indicated in the respective figure legends. In the case of confocal microscopy, intra- and extracellular
localization of the bacteria was checked by z-stack analysis at each recorded time point. A full z-stack (8
planes; z-step size, 2 �m) was acquired every 1,690 ms, resulting in a frame rate of about 35 per minute
(frame � maximum z-projection of the entire stack per time point). To reduce the mobility of the
examined cells during high-speed image acquisition at the confocal laser-scanning microscope, they
were overlaid at 20 hpi with 0.6% low-melting-point agarose in regular KY-2 cell culture medium,
supplemented with 20 mM HEPES as indicated above. Postprocessing, analysis, and annotations were
performed with Fiji (113).

Statistical analysis. Analysis of the obtained data is shown as the means � standard deviations (SD)
of three individual experiments and was estimated using GraphPad Prism 6 (GraphPad Software). Data
were analyzed by t test.

Data availability. All data generated or analyzed during this study are included in this article.
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Legends of supplementary movies Mov. S1, S2, and S3  
 

Supplementary movie Mov. S1. Long-term time-lapse recording of Coxiella-release from 

infected NK cells. 1×105 NK cells were infected with C. burnetii (tdTomato, MOI 30, washed 3 

hpi), and LCI was started at 24 hpi. Bacterial movement was tracked with a Leica DMi8 (63 × 

magnification, imaging interval: 10 min) at 37°C. Trajectories of the pathogen were determined 

from the acquired image series using Fiji. The timestamp is relative to the start of the respective 

image series and, thus, starts at 0 min. The colored line (magenta) shows the individual 

Coxiella trajectories over a period 800 min.  

 

Supplementary movie Mov. S2. Long-term time-lapse recording of Coxiella-release from 

infected NK cells. 1×105 NK cells were infected with C. burnetii (tdTomato, MOI 30, washed 3 

hpi), and LCI was started at 26 hpi. Bacterial movement was tracked with a Leica DMi8 (63 × 

magnification, imaging interval: 10 min) at 37°C. Trajectories of the pathogen were determined 

from the acquired image series using Fiji. The timestamp is relative to the start of the respective 

image series and, thus, starts at 0 min. The colored line (green) shows the individual Coxiella 

trajectories over a period of 510 min.  

 

Supplementary movie Mov. S3. Short-term time-lapse recording of Coxiella-release from 

infected NK cells.1×105 NK cells were infected with C. burnetii (tdTomato, MOI 30, washed 3 

hpi) and overlayed with 0.6% low-melting point agarose-containing KY-2 cell culture medium 

at 20 hpi. The time lapse movie shows a period of about 21.5 min, starting at about 31.5 hpi. 

Bacterial movement during release was tracked with a Leica DMI6000 TCS SP5 confocal 

laser-scanning microscope (63 × magnification) at 37°C. A full z-stack (8 planes; z-step size: 

2 µm) was acquired every 1,690 ms, resulting in a frame rate of about 35 frames per minute 

(frame = maximum z-projection of the entire stack per time point). The maximum z-projection 

of the fluorescence channel (C. burnetii, red) was merged with a single representative plane 

of the bright field channel. Trajectories of the pathogen (green line) were determined using Fiji.  
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Suppl. Fig. S1 Characterization of washed Coxiella-containing pellet fractions from infected NK cells. Coxiella expulsed by infected KY-2 (2 x 106
cells) were centrifuged to remove soluble proteins and non-associated factors (10.000 x g, 30 min at 4°C). Coxiella-containing pellet fractions were
then washed three times with large volumes of cold PBS. Immunoblots were used to demonstrate that the bacterial fraction from NK cell supernatants
(72 hpi) contain associated perforin, but not the soluble protein factors IFN-γ and Grzm B. Cell lysates of infected Ky-2 cells (24 hpi) were used as
controls. Immunoblots were stained for either IFN-γ, Grzm B, perforin, and coxHSP60.
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Suppl. Fig. S2 Western blot analysis of coxHSP60 in C. burnetii-infected KY-2 cells (MOI 10, 0-72 hpi) in the absence or presence of PKCϴ
inhibitor sotrastaurin (250 nM) (a, upper left and right panel). Coxiella-infected L929 cells (MOI 10, 0-72 hpi) served as control (a, lower panel).
Obtained coxHSP60 signals (a, upper and lower panel) were measured by densitometric analysis. Equal loading of the lysate samples was
controlled by GAPDH staining. The obtained results of three independent experiments are depicted as a histogram plot (b) (coxHSP60 signals
measured for infected L929 cells at 72 hpi were set to 1, n.s., ** p < 0.01 vs. 72 hpi, n=3, mean ± SD).

Suppl. Fig. S2



Suppl. Fig. S3 Suppl. Fig. S3 a) C. psittaci were preincubated in citrate buffer
at pH 4 and 5 or in Tris buffer at pH 7 (control, neutral pH) for
18 h at 4°C. After infection (MOI 10) of L929 reporter cells (72
hpi), infectivity was measured by flow cytometry (left panel). To
detect/quantify bacteria-positive cells (green), the negative cell
population (black) was identified and gated via corresponding
non-infected controls and then subtracted from the total cell
population (left panel). The corresponding histogram plots (right
panel) show the number of positive cells (controls were set to 1
[infected without pre-incubation], *** p < 0.001 vs. control, n=3,
mean ± SD). b) Western blot analysis of cell infection after
treatment of purified Chlamydia with granzyme B (Grzm B). The
pathogen was incubated for 4 h at 37°C with proteolytically
activated Grzm B or left untreated. The bacteria were then
washed and used for the infection of L929 reporter cells (72
hpi, MOI 30) analyzed by Western blot (left panel). chlHSP60
signal intensities were measured by densitometric analysis.
GAPDH served as a loading control. The obtained results of
three independent experiments are depicted as a histogram
plot (right panel) (signals of untreated samples were set to 1,
*** p < 0.001 vs. untreated samples, n=3, mean ± SD). c) Flow
cytometry of the infectivity of culture supernatants (sup.) from
KY-2 cells. KY-2 cells were infected with Chlamydia (MOI 10,
10 IFUs/cell) or not for 72 h. Bacteria from corresponding
culture supernatants were centrifuged (10.000 x g, 30 min at
4°C) and washed extensively with cold PBS. GEs of the
bacterial pellets were determined by qPCR (see Material and
Methods). Equal amounts of GEs (70 GEs/cell) were used in
parallel experiments for L929 cell infection. To detect/quantify
bacteria-positive cells (green), the negative cell population
(black) was identified and gated via corresponding non-infected
controls and then subtracted from the total cell population (left
panel). The corresponding histogram plot (right panel) shows
the relative number of infected reporter cells (controls were set
to 1 (original stocks), *** p < 0.001 vs. controls, n=3, mean ±
SD).



Suppl. Fig. S4

Suppl. Fig. S4 Flow cytometry of the chlamydial infectivity of culture supernatants (sup.) from primary NK cells using L929 reporter cells. Primary NK cells were infected with
Chlamydia (MOI 10, 10 IFUs/cell) or not for 72 h. Bacteria from corresponding culture supernatants were centrifuged (10.000 x g, 30 min at 4°C) and washed extensively with
cold PBS. After DNA preparation, the respective GEs of the bacterial pellet fractions were then determined by qPCR (see Material and Methods). To compare the infectivity of
original stocks and NK-cell-released Chlamydia, equal amounts of GEs (70 GEs/cell) were used in parallel experiments for L929 cell infection. To detect/quantify Chlamydia-
positive cells (green), the negative cell population (black) was identified and gated via corresponding non-infected controls and then subtracted from the total cell population
(left panel). The corresponding histogram plot (right panel) shows the relative number of infected reporter cells (controls were set to 1 (original stocks), *** p < 0.001 vs.
controls, n=3, mean ± SD).
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Abstract

The visualization of infection processes in tissues and organs by immunolabeling is a key method in modern infection biology. The ability to
observe and study the distribution, tropism, and abundance of pathogens inside of organ tissues provides pivotal data on disease development
and progression. Using conventional microscopy methods, immunolabeling is mostly restricted to thin sections obtained from paraffin-embedded
or frozen samples. However, the limited 2D image plane of these thin sections may lead to the loss of crucial information on the complex
structure of an infected organ and the cellular context of the infection. Modern multicolor, immunostaining-compatible tissue clearing techniques
now provide a relatively fast and inexpensive way to study high-volume 3D image stacks of virus-infected organ tissue. By exposing the tissue
to organic solvents, it becomes optically transparent. This matches the sample’s refractive indices and eventually leads to a significant reduction
of light scattering. Thus, in combination with long free working distance objectives, large tissue sections up to 1 mm in size can be imaged
by conventional confocal laser scanning microscopy (CLSM) at high resolution. Here, we describe a protocol to apply deep-tissue imaging
after tissue clearing to visualize rabies virus distribution in infected brains in order to study topics like virus pathogenesis, spread, tropism, and
neuroinvasion.

Video Link

The video component of this article can be found at https://www.jove.com/video/59402/

Introduction

Conventional histology techniques mostly rely on thin sections of organ tissues, which can inherently provide only 2D insights into a complex 3D
environment. Although feasible in principle, 3D reconstruction from serial thin sections requires demanding technical pipelines for both slicing
and subsequent in silico alignment of the acquired images1. Moreover, seamless reconstruction of z-volumes after microtome slicing is critical
as both mechanical and computational artifacts can remain because of suboptimal image registration caused by nonoverlapping image planes,
staining variations, and physical destruction of tissue by, for instance, the microtome blade. In contrast, pure optical slicing of intact thick tissue
samples allows the acquisition of overlapping image planes (oversampling) and, thereby, facilitates 3D reconstruction. This, in turn, is highly
beneficial for the analysis of infection processes in complex cell populations (e.g., neuronal networks in the context of the surrounding glial and
immune cells). However, inherent obstacles of thick tissue sections include light scattering and limited antibody penetration into the tissue. In
recent years, a variety of techniques has been developed and optimized to overcome these issues2,3,4,5,6,7,8,9,10,11,12,13. Essentially, target tissues
are turned optically transparent by treatment with either aqueous2,3,4,5,6,7,8,9 or organic solvent-based10,11,12,13 solutions. The introduction of
3DISCO (3D imaging of solvent-cleared organs)11,12 and its successor uDISCO (ultimate 3D imaging of solvent-cleared organs)13 provided a
relatively fast, simple, and inexpensive tool with excellent clearing capabilities. The main constituents of the clearing protocol are the organic
solvents tert-butanol (TBA), benzyl alcohol (BA), benzyl benzoate (BB), and diphenyl ether (DPE). The development and addition of iDISCO
(immunolabeling-enabled 3D imaging of solvent-cleared organs)14, a compatible immunostaining protocol, constituted another advantage over
existing methods and enabled the deep-tissue labeling of antigens of interest, as well as the long-term storage of immunostained samples. Thus,
the combination of iDISCO14 and uDISCO13 allows for the high-resolution imaging of antibody-labeled proteins in large tissue sections (up to 1
mm) using conventional CLSM.

The preservation of an organ’s complex structure in all three dimensions is particularly important for brain tissue. Neurons comprise a very
heterogeneous cellular subpopulation with highly diverse 3D morphologies based on their neurite projections (reviewed by Masland15).
Furthermore, the brain consists of a number of compartments and subcompartments, each composed of different cellular subpopulations and
ratios thereof, including glial cells and neurons (reviewed by von Bartheld et al.16). As a neurotropic virus, the rabies virus (RABV, reviewed by
Fooks et al.17) primarily infects neurons, using their transport machinery to travel in retrograde direction along axons from the primary site of
infection to the central nervous system (CNS). The protocol described here (Figure 1A) allows for the immunostaining-assisted detection and
visualization of RABV and RABV-infected cells in large, coherent image stacks obtained from infected brain tissue. This enables an unbiased, 3D
high-resolution assessment of the infection environment. It is applicable to brain tissue from a variety of species, can be performed immediately

https://www.jove.com
https://www.jove.com
https://www.jove.com
mailto:stefan.finke@fli.de
https://www.jove.com/video/59402
http://dx.doi.org/10.3791/59402
https://www.jove.com/video/59402/


Journal of Visualized Experiments www.jove.com

Copyright © 2019  Journal of Visualized Experiments April 2019 |  146  | e59402 | Page 2 of 10

after fixation or after the long-term storage of samples in paraformaldehyde (PFA), and allows the storage and reimaging of stained and cleared
samples for months.

Protocol

RABV-infected, PFA-fixed archived brain material was used. The respective animal experimental studies were evaluated by the responsible
animal care, use, and ethics committee of the State Office for Agriculture, Food Safety, and Fishery in Mecklenburg-Western Pomerania (LALFF
M-V) and gained approval with permissions 7221.3-2.1-002/11 (mice) and 7221.3-1-068/16 (ferrets). General care and methods used in the
animal experiments were carried out according to the approved guidelines.

CAUTION: This protocol uses various toxic and/or harmful substances, including PFA, methanol (MeOH), hydrogen peroxide (H2O2), sodium
azide (NaN3), TBA, BA, BB, and DPE. MeOH and TBA are highly flammable. Avoid exposure by wearing appropriate personal protective
equipment (a lab coat, gloves, and eye protection) and conducting experiments in a fume hood. Collect waste separately in appropriate
containers and dispose of it according to local regulations. Rabies virus is classified as a biosafety level (BSL)-2 pathogen and can, therefore,
generally be handled under BSL-2 conditions. Some activities, including procedures that may generate aerosols, work with high virus
concentrations, or work with novel lyssaviruses, may require BSL-3 classification. Pre-exposure prophylaxis is recommended for high-risk
personnel, including animal caretakers and laboratory workers18,19. Refer to local authority regulations.

1. Fixation of brain tissue and sectioning

1. Fix brain samples in an appropriate volume of 4% PFA in phosphate-buffered saline (PBS [pH 7.4]) for at least 48 h at 4 °C (with an
approximate tissue-to-fixative ratio of 1:10 [v/v]).

2. Wash the tissue samples 3x in PBS for at least 30 min each wash and store them in 0.02% NaN3/PBS at 4 °C until use.
3. Section the tissue into 1 mm-thick sections using a vibratome (blade feed rate: 0.3–0.5 mm/s, amplitude: 1 mm, slice thickness: 1,000 µm).
4. To retain the correct slice sequence, store each tissue section separately in a well of a multiwell cell culture plate. Add 0.02% NaN3/PBS and

store the tissue sections at 4 °C until use.

2. Sample pretreatment with methanol

NOTE: Perform all incubation steps with gentle oscillation and, if not indicated otherwise, at room temperature. Protect the samples from light.
The sample pretreatment serves the overall purpose of improving antibody diffusion and reducing tissue autofluorescence by exposure to MeOH
and H2O2, respectively14.

1. Prepare 20% (v/v), 40%, 60%, and 80% MeOH solutions in distilled water. For instance, for 20% MeOH, add 10 mL of 100% MeOH to 40 mL
of distilled water in an appropriate sealable vessel and mix by inverting it.

2. Transfer the samples to reasonably sized vessels (e.g., 5 mL reaction tubes). Take care to use materials chemically resistant to the reagents
used in this protocol. For instance, note that while polypropylene is suitable, polystyrene is not.
 

NOTE: The volume specifications in this protocol refer to 5 mL reaction tubes. If a different vessel is used, adjust the volumes accordingly.
3. Incubate the samples in 4 mL of each concentration of the prepared series of MeOH solutions in ascending order for 1 h each.
4. Incubate the samples 2x for 1 h each in pure (100%) MeOH.
5. Cool the samples to 4 °C (e.g., in a laboratory-safe refrigerator).
6. Prepare bleaching solution (5% H2O2 in MeOH) by, for instance, diluting a 30% H2O2 stock solution at 1:6 in pure (100%) MeOH, and chill it

at 4 °C.
7. Remove the 100% MeOH from the refrigerated samples and add 4 mL of prechilled bleaching solution (5% H2O2 in MeOH). Incubate

overnight at 4 °C.
8. Exchange the bleaching solution for 4 mL of 80% MeOH and incubate for 1 h. Continue using the prepared series of MeOH solutions in

descending order for 1 h each until the samples have been incubated for 1 h in 4 mL of 20% MeOH.
9. Wash the samples 1x for 1 h with 4 mL of PBS.

3. Immunostaining

NOTE: Perform all incubation steps with gentle oscillation and, if not indicated otherwise, at room temperature. Protect the samples from light. To
prevent microbial growth, add NaN3 to a final concentration of 0.02% to the solutions in this section. Tissue samples are further permeabilized by
treatment with nonionic detergents Triton X-100 and Tween 20. Normal serum is used to block unspecific antibody binding. Glycine and heparin
are added to reduce the immunolabeling background14.

1. Wash the samples 2x for 1 h each in 4 mL of 0.2% Triton X-100/PBS.
2. Permeabilize the samples for 2 days at 37 °C with 4 mL of 0.2% Triton X-100/20% DMSO/0.3 M glycine/PBS.
3. Block the unspecific binding of antibodies by incubating the samples for 2 days at 37 °C in 4 mL of 0.2% Triton X-100/10% DMSO/6% normal

serum/PBS.
 

NOTE: Use normal serum from the same species the secondary antibody was raised in to achieve ideal blocking results.
4. Incubate the samples in 2 mL of primary antibody solution (3% normal serum/5% DMSO/PTwH [PBS-Tween 20 with heparin] + primary

antibody/antibodies) for 5 days at 37 °C. Refresh the primary antibody solution after 2.5 days.
1. For PTwH, reconstitute the heparin sodium salt in distilled water to make a 10 mg/mL stock solution (store this solution, aliquoted, at 4

°C). Add the stock solution to 0.2% Tween 20/PBS to a final concentration of 10 µg/mL.
 

NOTE: Choosing the correct antibody dilution may require optimization. Generally, standard immunohistochemistry concentrations are
a good starting point.
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5. Wash the samples for 1 day in 4 mL of PTwH, exchanging the wash buffer at least 4x–5x during the course of the day and leaving the final
wash on overnight.

6. Incubate the samples in 2 mL of secondary antibody solution (3% normal serum/PTwH + secondary antibody/antibodies) for 5 days at 37 °C.
Refresh the secondary antibody solution after 2.5 days.

1. Dilute the secondary antibody/antibodies at 1:500 in secondary antibody solution (i.e., 4 µL in 2 mL).

7. Wash the samples for 1 day as described in step 3.5, leaving the final wash on overnight.

4. Nuclear staining

NOTE: Perform all incubation steps with gentle oscillation and, if not indicated otherwise, at room temperature. Protect the samples from light. If
no nuclear staining is required or the excitation wavelength/emission spectrum of TO-PRO-3 is required for the excitation or detection of another
fluorophore, skip this step.

1. Dilute the nucleic acid stain TO-PRO-3 at 1:1,000 in PTwH and incubate the samples in 4 mL of nuclear staining solution for 5 h.
2. Wash the samples for 1 day as described in step 3.5, leaving the final wash on overnight.

 

NOTE: Following the washes, the samples can be stored in PBS at 4 °C until optical clearing.

5. Tissue clearing

NOTE: Perform all incubation steps with gentle oscillation and, if not indicated otherwise, at room temperature. Protect the samples from light.
The tissue samples are dehydrated in a graded series of TBA solutions. As immunostaining requires aqueous solutions, all staining procedures
have to be finished prior to tissue clearing. Optical clearance and refractive index matching are achieved by treatment with a mixture of BA, BB,
and DPE. The clearing solution is supplemented with DL-α-tocopherol as an antioxidant13.

1. Prepare 30% (v/v), 50%, 70%, 80%, 90%, and 96% TBA solutions in distilled water. For instance, for 30% TBA, add 15 mL of 100% TBA to
35 mL of distilled water in an appropriate sealable vessel and mix by inverting.
 

NOTE: TBA has a melting point of 25–26 °C; thus, it tends to be solid at room temperature. In order to prepare TBA solutions, heat the well-
sealed bottle at 37 °C in an incubator or water bath.

2. Dehydrate the samples with 4 mL of each concentration of the prepared series of TBA solutions in ascending order for 2 h each. Leave the
96% TBA on overnight.

3. Dehydrate the samples further in pure (100%) TBA for 2 h.
4. Prepare clearing solution BABB-D15.

 

NOTE: BABB-D15 is a combination of BA and BB (BABB) which is mixed with DPE at a ratio of x:1, where x is specified in the solution’s
name, in this case 15.

1. For BABB, mix one-part BA with two parts BB.
2. Mix BABB and DPE at a ratio of 15:1.
3. Add 0.4 vol% DL-α-tocopherol (vitamin E).

 

NOTE: For example, for 20 mL of BABB-D15, mix 6.25 mL of BA with 12.5 mL of BB. Add 1.25 mL of DPE and supplement it with 0.08
mL of DL-α-tocopherol.

5. Clear the samples in clearing solution until they are optically transparent (2–6 h).
6. The samples can be stored at 4 °C in BABB-D15, protected from light, until mounting and imaging.

6. Sample mounting

1. Using a 3D printer, print the imaging chamber and the lid (material: copolyester [CPE], nozzle: 0.25 mm, layer height: 0.06 mm, wall
thickness: 0.88 mm, wall count: 4, infill: 100%, no support structure; the corresponding .STL file can be found in the Supplementary
Materials of this protocol).

2. Assemble the imaging chamber (Figure 2).
1. Mount a round coverslip (diameter: 30 mm) on the imaging chamber with RTV-1 (one-component room-temperature-vulcanizing)

silicone rubber. Remove the excess silicone rubber with a water-wetted cotton swab and cure overnight.
2. Mount a round coverslip (diameter: 22 mm) on the lid with RTV-1 silicone rubber. Remove the excess silicone rubber with a water-

wetted cotton swab and cure overnight.

3. Place the sample in an imaging chamber, add a small volume of BABB-D15, and insert the lid. Fill the chamber up with BABB-D15 through
the inlet, using a hypodermic needle (27 G x 3/4 inch [0.40 mm x 20 mm]).

4. Plug the inlet and seal the imaging chamber with RTV-1 silicone rubber. Cure overnight in the dark.

7. Imaging and image processing

1. Set up the image acquisition by selecting the respective laser lines to match the fluorophores used. Adjust the detection ranges of each
detector to prevent signal overlap between channels.
 

NOTE: Exemplary detection ranges for Alexa Fluor 488, Alexa Fluor 568, and TO-PRO-3 are 500–550 nm, 590–620 nm, and 645–700 nm,
respectively.

2. Choose the acquisition parameters, define the upper and lower border of the z-stack, and acquire the image stack.
 

NOTE: Exemplary acquisition parameters are a sequential scan with a pixel size of 60-90 nm, a z-step size of 0.5 µm, a line average of 1, a
scan speed of 400 Hz, and a pinhole size of 1 Airy unit.
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3. Process the image stack using appropriate image analysis software (e.g., Fiji) to generate 3D projections or perform in-depth analyses.
 

NOTE: Because of the large size of the acquired image files, the use of a workstation is usually necessary.
1. Open the acquisition or image file(s) in Fiji (File | Open | Select files).

1. If using, for instance, .LIF files, select or deselect the desired options in the Bio-Formats dialog window. View stack with
Hyperstack. Other than that, no specific selections or ticks are necessary. Press OK.

2. If the file contains multiple image stacks, select the ones to be analyzed and confirm by pressing OK.

2. Perform bleach correction by splitting the merged image into individual channels (Image | Color | Channels Tool, then select More
| Split Channels). For each channel, select bleach correction (Image | Adjust | Bleach Correction) and choose Simple Ratio
(background intensity: 0.0).
 

NOTE: In some cases, for instance, when there is no linear decay of the signal or the signal is too weak overall, Simple Ratio may fail.
Alternatively, try Exponential Fit or skip the bleach correction.

3. Adjust the brightness and contrast for each channel using the sliders (Image | Adjust | Brightness | Contrast).
4. Merge the channels (Image | Color | Merge Channels), make a composite (Image | Color | Channels Tool, then select More | Make

Composite), and convert it to RGB format (Image | Color | Channels Tool, then select More | Convert to RGB).
5. If necessary, resize the image stack to reduce the computation time and file size (Image | Adjust | Size, both options ticked plus

bilinear interpolation).
6. Generate a 3D projection (Image | Stacks | 3D Project). Choose Brightest Point as projection method and set the slice spacing to

match the z-step size of the acquired image stack. For maximum quality, set the rotation angle increment to 1 and enable interpolation.
Modify the total rotation, transparency thresholds, and opacity as needed.

7. If necessary, readjust the contrast and brightness by converting the 3D projection back to 8-bit format (Image | Type | 8-bit). Use the
respective sliders (Image | Adjust | Brightness | Contrast) and reconvert the image stack to RGB format as described in step 7.3.4.

8. Save the 3D projection as .TIF file (image file format) and .AVI file (video file format).

Representative Results

The combination of iDISCO14 and uDISCO13 coupled with high-resolution CLSM provides deep insights into the spatiotemporal resolution and
plasticity of RABV infection of brain tissue and the surrounding cellular context.

Using immunostaining of RABV phosphoprotein (P), complex layers of infected neuronal cells can be visualized in thick sections of mouse brains
(Figure 3). Subsequently, seamless 3D projections of the acquired image stacks can be reconstructed (Figure 3A, B, right panel; Animated
Figure 1). Care has to be taken when using primary antibodies from and secondary antibodies against the species the organ material originates
from. The use of anti-mouse IgG antibodies on mouse brain tissue resulted in a distinct staining of the vascular system (Figure 3B, left panel).
Because of the high resolution the image stacks are acquired with, infection can be assessed up to a single-cell level (Figure 4), allowing
assertions on, for instance, the abundance and distribution of antigen within the cell (Figure 4C).

Aside from mouse brain tissue, the protocol can also be applied to brain tissue from other animal species (e.g., ferrets) (Figure 5; Animated
Figure 2). Sections taken from different compartments of an infected ferret brain revealed a varying degree of RABV infection (Figure 5A-D).

As the brain comprises many different cellular subpopulations, differentiation between these populations is vital. Using antibodies directed
against cell markers, assessment of the cellular identity of infected and neighboring cells is possible. For instance, astrocytes can be
differentiated via the expression of glial fibrillary acidic protein (GFAP) (Figure 6A,C; Animated Figure 3), while neurites can be specifically
stained for microtubule-associated protein 2 (MAP2) (Figure 6B,D; Animated Figure 4). Simultaneously, viral proteins, in this case, RABV
nucleoprotein (N), can be costained to assess the relation between infected cells and the highlighted cellular subpopulation.
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Figure 1: Basic principle and workflow of the protocol. (A) Graphical representation of the workflow based on the protocols from Renier et
al.14 and Pan et al.13. (B) Two exemplary ferret brain slices, one before (left panel) and one after treatment with organic solvents (right panel).
Clearing turns the tissue optically transparent as observable by the then readable text. The cleared brain slice is embedded in a 3D-printed
imaging chamber (right panel). Please click here to view a larger version of this figure.

 

Figure 2: Technical illustration of the 3D-printed imaging chamber. (A) Exploded view drawing of the imaging chamber. The dot-dashed
lines highlight components that have to be mounted on each other using RTV-1 silicone rubber. The dashed lines represent instructions for the
subsequent assembly of the chamber. (B) CAD (computer-aided design) file of the imaging chamber. The corresponding .STL file to print the
imaging chamber can be found in the  Supplementary Materials. (C) Fully assembled imaging chamber. Please click here to view a larger
version of this figure.
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Figure 3: Deep-tissue imaging of RABV-infected mouse brain tissue. (A and B) Mice were infected with a recombinant vulpine street virus.
RABV P staining (green) reveals infected neuronal layers with large, entangled neurite projections inside the cleared brain tissue. Nuclei were
counterstained with TO-PRO-3 (blue). (B) The use of fluorophore-labeled anti-mouse IgG secondary antibodies (red) on mouse tissue results in
a distinct labeling of the vascular system. The 3D reconstruction of the acquired image stacks enables observation from different viewing angles
(A and B, right panels). Scale bars = 60 µm. Please click here to view a larger version of this figure.

 

Figure 4: High-resolution image acquisition enables complex assessments up to a single-cell level. The brain was dissected from an
SAD L16-infected mouse. (A) RABV P staining (green) highlights an individually infected neuron. (B and C) Detail images and projections
demonstrate that in-depth analyses of antigen abundance, distribution, and localization can be performed. Nuclei were counterstained with TO-
PRO-3 (blue). Scale bars = 20 µm (A), 5 µm (C). Please click here to view a larger version of this figure.

https://www.jove.com
https://www.jove.com
https://www.jove.com
https://www.jove.com/files/ftp_upload/59402/59402fig3large.jpg
https://www.jove.com/files/ftp_upload/59402/59402fig4large.jpg


Journal of Visualized Experiments www.jove.com

Copyright © 2019  Journal of Visualized Experiments April 2019 |  146  | e59402 | Page 7 of 10

 

Figure 5: Deep-tissue imaging of RABV-infected ferret brain tissue. Ferrets were infected with canine street RABV. (A–D) Slices from
specified areas of the brain were taken, immunostained for RABV P (green), and optically cleared. Projections demonstrate that the infected cells
in different parts of the brain differ in amount and morphology. Furthermore, they highlight the applicability of the protocol to tissues other than
mouse-derived. Nuclei were counterstained with TO-PRO-3 (blue). Scale bars = 60 µm. Please click here to view a larger version of this figure.

 

Figure 6: Multicolor immunofluorescence allows the costaining of cellular markers. Brain tissue slices from ferrets infected with canine
street RABV were used and coimmunostained for RABV N (red) and either (A and C) GFAP (green) or (B and D) MAP2 (green). Whereas GFAP
is an astrocyte marker, MAP2 specifically highlights neurites. Nuclei were counterstained with TO-PRO-3 (blue). (C and D) At the bottom, single
slice extractions of the enumerated detail views from the merged projections are depicted. Scale bars = 15 µm (A and B) 10 µm (C and D).
Please click here to view a larger version of this figure.
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Animated Figure 1: 3D reconstructions and detail projections of image stacks from RABV-infected mouse brains. The projections were
generated from the image stacks described in Figure 3. (A and C) Animations of the entire respective z-stacks. (B) A detailed projection of a 3D
reconstruction of a part of the z-stack of the areas highlighted at the beginning of the video. (D) A detailed projection of a tomogram of a part of
the z-stack of the areas highlighted at the beginning of the video. Green = RABV P; red = mouse IgG; blue = nuclei. Please click here to view this
video. (Right-click to download.)

 

Animated Figure 2: 3D reconstructions of image stacks acquired from an RABV-infected ferret brain. The projections were generated
from the image stacks described in Figure 5. (A–D) The annotations refer to the same figure and describe the respective areas of the brain the
slices were taken from. Green = RABV P; blue = nuclei. Please click here to view this video. (Right-click to download.)

 

Animated Figure 3: Gradual projection of the different channels of a 3D reconstruction of an RABV-infected ferret brain costained with
astrocyte marker GFAP. Projections were generated from the image stack described in Figure 6A. The gradual addition of channels starts with
RABV N (red), after which follow the cell nuclei (blue) and, finally, GFAP (green), while the subtraction first removes RABV N, then the cell nuclei,
and eventually GFAP. Please click here to view this video. (Right-click to download.)

 

Animated Figure 4: Gradual projection of the different channels of a 3D reconstruction of an RABV-infected ferret brain costained with
neuronal marker MAP2. Projections were generated from the image stack described in Figure 6B. The gradual addition of channels starts with
RABV N (red), after which follow the cell nuclei (blue) and, finally, MAP2 (green), while the subtraction first removes RABV N, then the cell nuclei,
and eventually MAP2. Please click here to view this video. (Right-click to download.)

Discussion

The resurgence and further development of tissue clearing techniques in recent years2,3,4,5,6,7,8,9,10,11,12,13,14 have opened up many new
possibilities to obtain high-volume image stacks of organ tissue. This provided an unparalleled and powerful tool to study, among many other
topics, virus infection. The subsequent 3D reconstruction of these image stacks enables sophisticated assertions on, for instance, virus tropism,
abundance, and the time course of infection. This protocol describes the immunolabeling-assisted visualization of RABV infection in solvent-
cleared brain tissue.

There are several critical steps in the preparation and acquisition of the image stacks of immunolabeled, solvent-cleared tissue. Prolonged
exposure to PFA can mask epitopes and, thus, result in decreased antigenicity20,21,22. It is, therefore, important to limit the fixation times to the
necessary minimum and transfer the samples to an appropriate solution (e.g., PBS supplemented with 0.02% NaN3 for long-term storage).
However, all representative images and projections provided here have been acquired from archived brain samples, some of which had been
stored in PFA for weeks, highlighting the applicability of the technique to organ material that has been exposed to PFA for extended periods
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of time. Similar results have been shown for human brain samples13. Another, if not the most, critical step is the antibody incubation. Antibody
concentrations have to be chosen carefully. While in most cases, standard IHC concentrations are a good starting point for deep-tissue antibody
labeling, some antigens may require additional optimization of the antibody concentration. This protocol demonstrates that both RABV N and
P are readily detectable by the used antibodies. While MeOH pretreatment usually improves immunolabeling, some antigens are incompatible
with this treatment. For those, Renier and colleagues14 provided an alternative MeOH-free sample pretreatment. Analysis of the acquired image
stacks requires adequate computational power. Because of the large file sizes of up to several gigabytes per stack, powerful computers are
needed to process the images. Postprocessing often includes the subtraction of background noise and a bleach correction to compensate for
acquisition-associated bleaching effects. When measuring distances, it has to be kept in mind that, as a side effect, the tissue is shrinking during
the clearing process.

In comparison to other microscopy platforms, like light sheet fluorescence microscopy (LSFM) or two-photon laser scanning microscopy
(2PLSM), CLSM has the most limited working distance. Therefore, it is necessary to preslice organs to 1 mm in thickness for imaging.
Additionally, CLSM has the slowest acquisition speed because of its high imaging resolution. The use of a light sheet microscope would allow for
faster imaging of larger volumes up to whole-brain imaging, while simultaneously sacrificing image resolution. Another limitation is the inherent
increase of tissue autofluorescence with decreasing wavelength. This renders the use of fluorophores and dyes excited by the laser line at 405
nm, including Hoechst dyes, impractical to impossible.

With respect to other tissue clearing techniques, the hybrid of iDISCO14 and uDISCO13 combines the most positive attributes: it is highly
compatible with immunostaining, highly versatile, comparatively fast and inexpensive, it has excellent clearing capabilities, and it is feasible
with a standard confocal microscope. Moreover, this protocol is not restricted to the immunostaining and clearing of brain tissue but can also be
applied to a variety of other soft tissues and pathogens, both neuroinvasive and non-neuroinvasive. In conclusion, the protocol described here
represents a pipeline for high-resolution 3D imaging of RABV-infected brain tissue. The 3D reconstructions of infected brain tissue can be used
to answer a variety of questions concerning RABV disease progression, pathogenesis, and neuroinvasion.
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Materials

Name Company Catalog Number Comments

Reagents

Benzyl alcohol Alfa Aesar 41218 Clearing reagent

Benzyl benzoate Sigma-Aldrich BB6630-500ML Clearing reagent

Dimethyl sulfoxide Carl Roth 4720.2 Various buffers

Diphenyl ether Sigma-Aldrich 240834-100G Clearing reagent

DL-α-Tocopherol Alfa Aesar A17039 Antioxidant

Donkey serum Bio-Rad C06SBZ Blocking reagent

Glycine Carl Roth 3908.2 Background reduction

Goat serum Merck S26-100ML Blocking reagent

Heparin sodium salt Carl Roth 7692.1 Background reduction

Hydrogen peroxide solution (30 %) Carl Roth 8070.2 Sample bleaching

Methanol Carl Roth 4627.4 Sample pretreatment

Paraformaldehyde Carl Roth 0335.3 Crystalline powder to make fixative
solution

Sodium azide Carl Roth K305.1 Prevention of microbial growth in
stock solutions

tert-Butanol Alfa Aesar 33278 Sample dehydration for tissue
clearing

TO-PRO-3 Thermo Fisher T3605 Nucleic acid stain

Triton X-100 Carl Roth 3051.2 Detergent

Tween 20 AppliChem A4974,0500 Detergent

Miscellaneous

5 mL reaction tubes Eppendorf 0030119401 Sample tubes

Coverslip, circular (diameter: 22
mm)

Marienfeld 0111620 Part of imaging chamber

Coverslip, circular (diameter: 30
mm)

Marienfeld 0111700 Part of imaging chamber

Hypodermic needle (27 G x
¾” [0.40 mm x 20 mm])

B. Braun 4657705 Filling of the imaging chamber with
clearing solution

RTV-1 silicone rubber Wacker Elastosil E43 Adhesive for the assembly of the
imaging chamber

Ultimaker CPE 2.85 mm
transparent

Ultimaker 8718836374869 Copolyester filament for 3D
printer to print parts of the imaging
chamber

Technical equipment and
software

3D printer Ultimaker Ultimaker 2+ Printing of imaging chamber
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Automated water immersion
system

Leica 15640019 Software-controlled water pump

Benchtop orbital shaker Elmi DOS-20M Sample incubation at room
temperature (~ 150 rpm)

Benchtop orbital shaker, heated New Brunswick Scientific G24 Environmental Shaker Sample incubation at 37 °C (~ 150
rpm)

Confocal laser scanning
microscope

Leica DMI 6000 TCS SP5 Inverted confocal microscope for
sample imaging

Fiji NIH (ImageJ) open source software (v1.52h) Image processing package based
on ImageJ

Long working distance water
immersion objective

Leica 15506360 HC PL APO 40x/1.10 W motCORR
CS2

Vibratome Leica VT1200S Sample slicing

Workstation Dell Precision 7920 CPU: Intel Xeon Gold 5118
 

GPU: Nvidia Quadro P5000
 

RAM: 128 GB 2666 MHz DDR4
 

SSD: 2 TB

Primary antibodies

Goat anti-RABV N Friedrich-Loeffler-Institut Monospecific polyclonal goat anti-
RABV N serum, generated by goat
immunization with baculovirus-
expressed and His-tag-purified
RABV nucleoprotein N
 

Dilution: 1:400

Rabbit anti-GFAP Dako Z0334 Polyclonal antibody
(RRID:AB_10013382)
 

Dilution: 1:100

Rabbit anti-MAP2 Abcam ab32454 Polyclonal antibody
(RRID:AB_776174)
 

Dilution: 1:250

Rabbit anti-RABV P 160-5 Friedrich-Loeffler-Institut Monospecific polyclonal rabbit
anti-RABV P serum, generated
by rabbit immunization with
baculovirus-expressed and His-
tag-purified RABV phosphoprotein
P (see reference 23: Orbanz et al.,
2010)
 

Dilution: 1:1,000

Secondary antibodies

Donkey anti-goat IgG Thermo Fisher Scientific depending on conjugated
fluorophore

Highly cross-absorbed
 

Dilution: 1:500

Donkey anti-mouse IgG Thermo Fisher Scientific depending on conjugated
fluorophore

Highly cross-absorbed
 

Dilution: 1:500

Donkey anti-rabbit IgG Thermo Fisher Scientific depending on conjugated
fluorophore

Highly cross-absorbed
 

Dilution: 1:500

Goat anti-mouse IgG Thermo Fisher Scientific depending on conjugated
fluorophore

Highly cross-absorbed
 

Dilution: 1:500

Goat anti-rabbit IgG Thermo Fisher Scientific depending on conjugated
fluorophore

Highly cross-absorbed
 

Dilution: 1:500
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Abstract: Although conventional immunohistochemistry for neurotropic rabies virus (RABV) usually
shows high preference for neurons, non-neuronal cells are also potential targets, and abortive
astrocyte infection is considered a main trigger of innate immunity in the CNS. While in vitro studies
indicated differences between field and less virulent lab-adapted RABVs, a systematic, quantitative
comparison of astrocyte tropism in vivo is lacking. Here, solvent-based tissue clearing was used to
measure RABV cell tropism in infected brains. Immunofluorescence analysis of 1 mm-thick tissue
slices enabled 3D-segmentation and quantification of astrocyte and neuron infection frequencies.
Comparison of three highly virulent field virus clones from fox, dog, and raccoon with three
lab-adapted strains revealed remarkable differences in the ability to infect astrocytes in vivo. While all
viruses and infection routes led to neuron infection frequencies between 7–19%, striking differences
appeared for astrocytes. Whereas astrocyte infection by field viruses was detected independent of the
inoculation route (8–27%), only one lab-adapted strain infected astrocytes route-dependently [0%
after intramuscular (i.m.) and 13% after intracerebral (i.c.) inoculation]. Two lab-adapted vaccine
viruses lacked astrocyte infection altogether (0%, i.c. and i.m.). This suggests a model in which
the ability to establish productive astrocyte infection in vivo functionally distinguishes field and
attenuated lab RABV strains.

Keywords: rabies; uDISCO; 3D imaging; rabies pathogenicity; astrocyte infection

1. Introduction

The rabies virus (RABV) is a highly neurotropic virus, which inevitably causes lethal disease in
mammals after onset of neurological signs [1]. As a non-segmented, single-stranded RNA virus of
negative RNA polarity, RABV belongs to the Rhabdoviridae family in the order Mononegavirales [2]. With
nucleoprotein N, phosphoprotein P, matrix protein M, glycoprotein G, and the large polymerase L,
the 12 kb genome of RABV encodes five virus proteins, all of which are essential for virus replication
and spread [3]. In addition to essential roles of the virus proteins in genome replication and virus
assembly, multiple accessory functions of the RABV proteins have been identified. RABV pathogenicity
has mainly been attributed to a potent interference with the innate immune system by N, P, and
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M [4–10], and neuronal survival regulation by G [11–14]. Most pathogenicity studies, however, were
performed on already attenuated virus backbones. Thus, differences in their ability to cause disease
between highly virulent field virus isolates and lab-adapted, less pathogenic RABV strains are poorly
understood. Moreover, it is unclear how molecular differences identified in virulent and attenuated
viruses affect virus replication and spread in the infected animal and how the complex virus–host
interplay eventually results in either disease or an abortive infection.

In vivo, after infection of neurons, RABV spreads trans-synaptically from infected to
connected neurons [15]. Retrograde axonal transport of RABV over long distances [16,17] along
microtubules [18,19] is a key step in RABV neuroinvasion and is essential for infection of the central
nervous system (CNS) through the peripheral nervous system. Co-internalization together with
the neuronal p75NTR (tumor necrosis factor receptor superfamily member 16; TNFRSF16) receptor,
subsequent retrograde axonal transport of RABV particles in endocytic vesicles, and post-replicative
anterograde axonal transport of newly formed RABV have been visualized by live virus particle
tracking in sensory neurons [20,21], emphasizing the capacity of hijacking neuron-specific machineries
for long distance transport to synaptic membranes. However, internalization and axonal transport
of lab-adapted viruses [20,21] together with the use of vaccine virus vectors for trans-synaptic
tracing [22,23] demonstrate that the general capacity of axonal transport and trans-synaptic spread
cannot explain mechanistic differences between highly virulent RABV and more attenuated lab strains.
Differences between RABV lab strains in the efficiency of trans-synaptic spread [24] indicate that the
efficacy of the involved processes, more than the capability itself, may contribute to RABV spread
in vivo.

With nAChR (nicotinic acetylcholine receptor), NCAM (neuronal cell adhesion molecule), p75NTR,
and mGluR2 (metabotropic glutamate receptor subtype 2) supporting RABV entry [25–28], several
RABV receptors have been discussed. However, none of these receptors are essential for CNS infection
by RABV, and a broad panel of non-neuronal cell types can be infected in vitro [29], indicating that cell
tropism of RABV is not restricted to neurons by receptor specificity.

Most in vivo studies report a strict neurotropic infection. Directly after exposure by bite, however,
muscle cells are infected (reviewed in [30]), and infection of non-neuronal cells in the CNS can
occur [29,31,32]. Use of recombinant Cre recombinase-expressing RABV led to the identification of
abortively infected glial cells in infected mouse brains, strongly suggesting infection of and virus
elimination from these cells by a potent type I interferon response [33]. Accordingly, abortive infection
of non-neuronal cells and induction of innate immune responses may play an important role in
the infection process itself and in regulating downstream adaptive immune pathways. Indeed, a
model based on in vitro-infected astrocytes suggests that, in contrast to wild-type RABV, attenuated
RABV activates inflammatory responses in astrocytes through increased double-strand RNA (dsRNA)
synthesis and recognition by retinoic acid-inducible gene I (RIG-I)/melanoma differentiation-associated
protein 5 (MDA5) [34]. Highly virulent field RABV isolates are able to evade or at least delay host
immune reactions [35], which may allow virus replication to reach pathogenic levels, whereas early
innate immune induction via astrocytes or other glial cells by attenuated viruses does not. Nevertheless,
all productive RABV infections eventually cause rabies as a disease, which is always associated with
an encephalitis. However, differences appear to exist as field viruses cause less tissue damage and
neuroinflammation than attenuated lab RABV [34,36,37].

To compare the cell tropism of highly virulent field and lab-adapted RABVs in the CNS, we
employed the novel immunostaining-compatible tissue clearing technique uDISCO (ultimate 3D
imaging of solvent-cleared organs) [38–40] for detection and quantification of RABV infection in
neurons and astrocytes in solvent-cleared brain tissue. After confocal laser scan acquisition of large
confocal z-stacks in thick tissue slices, three-dimensional (3D) reconstructions were performed to
visualize the cellular context of RABV infection. Frequencies of RABV infection in neurons and
astrocytes were determined after intramuscular (i.m.) and intracerebral (i.c.) inoculation, leading
to novel insights regarding the ability to establish RABV infection in non-neuronal astrocytes, its
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correlation with RABV virulence, and its dependence on the infection route. These data strongly support
a model in which, contrary to in vitro conditions where all viruses are able to infect non-neuronal
astrocytes, there are differences between field and lab-adapted viruses in their ability to replicate to
detectable levels in astrocytes in vivo. The infection of astrocytes with virulent field RABV and the
accumulation of interferon antagonistic virus proteins may block rapid innate immune induction,
thereby contributing to immune evasion, even in the context of glial cell infection.

2. Materials and Methods

2.1. Cell Lines, Primary Brain Cell Preparation, and Cultivation

Mouse neuroblastoma cells (Na42/13) were used for virus amplification. All cells were provided
by the Collection of Cell Lines in Veterinary Medicine (CCLV), Friedrich-Loeffler-Institut, Insel Riems,
Germany. Primary neurons and astrocytes were prepared from 1-day-old neonatal Sprague Dawley
rats (P0–P1) [41]. The rats were decapitated, the heads were disinfected in 70% ethanol, the brains
were removed, and the hippocampi were separated and mechanically minced. The hippocampal
cells were transferred into ice-cold Hank´s Balanced Salt Solution (HBSS) and stored on ice. After
preparation, the brain cells were dissociated by adding 0.25% trypsin + EDTA (Gibco; Thermo Fisher
Scientific, Darmstadt, Germany) and DNase I (Applichem, Darmstadt, Germany) and incubated for
15 min at 37 ◦C. Afterwards, further dissociation in Neurobasal-A Medium (NB-A, Gibco; Thermo
Fisher Scientific) was performed by using a glass Pasteur pipette with a fire-polished tip. The cells
were purified with an OptiprepTM gradient (with concentrations from bottom to the top: 17.3%, 12.4%,
9.9%, and 7.4%) and centrifuged for 15 min at 800× g without brake. Next, the cells were washed
with NB-A medium and counted with the LUNA-II Automated Cell Counter (Logos Biosystems,
Villeneuve d’Ascq, France). The neuronal cells were seeded on coverslips in a 24-well plate and
cultured for two weeks at 37 ◦C and 5% CO2 in serum-free NB-A supplemented with 2% B27 (Gibco;
Thermo Fisher Scientific), 1% GlutaMAX (Gibco; Thermo Fisher Scientific), 1% Penicillin-Streptomycin
(stock: 10,000 U/mL penicillin and 10 mg/mL streptomycin; Sigma-Aldrich, Taufkirchen, Germany),
and 0.2% Gentamicin (stock: 50 mg/mL; Gibco; Thermo Fisher Scientific) until they were used for
infection experiments.

2.2. Viruses

RABV isolates used in this study comprised five recombinant virus clones and one non-recombinant
lab virus. The recombinant field virus clones rRABV Dog and rRABV Fox have been described
before [42]. SAD L16 is a recombinant virus clone of attenuated vaccine virus SAD B19 live vaccine
virus [43]. The Evelyn Rokitnicki Abelseth (ERA) strain [44] is a progenitor virus strain of live vaccine
virus SAD B19 [45] and was obtained from the FLI virus archive (FLI ID N 12829).

A cDNA full length clone (pRABV Rac) from a raccoon RABV isolate (Alabama, USA
1991; FLI archive ID N 13205) [46] was generated by full length RT-PCR amplification of the
12 kb cDNA genome with the primer pair 5′-TCGATCCCGGGTCACGCTTAACAACAAAA-3′/
5′-TAATACACCTGCCCATGCCGACCCACGCTTAACAAAAAAACAA-3′. After PCR amplification
of a 2.7 kb vector DNA fragment from pCMV HaHd ampR Br 322 ori with the primers
5′-TCTGTTTGCTTGATGGTTTTTTTTGTCTTTGTTGTTTTTTTGTTAAGCGTGGGTCGGCATGGC
ATCTCCAC-3′ and 5′-TTTTTGTAGATGATACTGTCTACTTCTTCTCTGATTTTGTTGTTAAGCGTGA
CCCGGGACTCCGGGTTTCGTC-3′, the fragments were combined by linear to linear recombination,
and the resultant recombinant rRABV Rac virus was rescued and amplified according to previously
described protocols [42]. The sequence of the full-length cDNA clone was deposited at GenBank
(accession no. MN862283).

A CVS-11 (Challenge Virus Street-11; sequence accession no. LT839616) cDNA full length clone
(pCVS-11) was generated by RT-PCR amplification of 7.5kb and 3.7 kb cDNA fragments from CVS-11
RNA with the primers pairs 5′-AGTTTCAGACGTCTCAGTC-3′/5′-CTAGTAGGGATGATCTAGATC-3′
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and 5′-GACTGAGACGTCTGAAACT-3′/5′ CATTGCAGATAGGATAGAG-3′, respectively. The
resultant fragments were assembled in combination with EcoRI-linearized 3.4 kb vector plasmid
pCVS-11-termini by Hot Fusion reaction [47]. Plasmid pCVS-11-termini was generated by PCR
amplification of a 2.7 kb DNA fragment from pCMV HaHd ampR Br 322 ori [42] with the primers
5′-GACCCGGGACTCCGGGTTTC-3′ and 5′-GGGTCGGCATGGCATCTCCA-3′, and Hot Fusion
assembly with a synthetic DNA fragment containing the CVS-11 (accession no. LT839616) regions
from nucleotide positions 1–580 (3′-genome end) and 11759–11927 (5′-genome end) separated by a
non-viral EcoRI restriction site. The full-length cDNA clone was 99.99% identical to CVS-11 GenBank
sequence no. LT839616 (1 nt mismatch in the N gene at nucleotide position 1263, which was already
present in #LT839616 as a minor SNP (single nucleotide polymorphism), resulting in the amino acid
exchange E398V). Recombinant rCVS-11 was rescued in Na42/13 neuroblastoma cells by co-transfection
of pCVS-11, pCAGGS-based expression plasmids for RABV N, P, and L [48], and a pCAGGS-T7Pol
vector comprising a codon-optimized bacteriophage T7 RNA polymerase gene. Three to six days
after transfection, the supernatants were transferred to new Na42/13 cells. Two days after the transfer,
infectious virus was identified by N and G protein-specific indirect immunofluorescence.

rRABV Dog, rRABV Fox, rRABV Rac, and rCVS-11 were amplified on Na42/13 cells. BSR T7/5
cells [49] were used for amplification of SAD L16 and ERA viruses. Infectious virus titers in cell culture
supernatants were determined by end point dilution and titration on Na42/13 cells.

2.3. Antibodies

To verify the presence of RABV, a polyclonal rabbit serum against recombinant RABV P protein
(P160-5, immunofluorescence 1:5000, uDISCO 1:3000) and a polyclonal goat serum against RABV N
(goat anti-RV N, immunofluorescence 1:4000), which have been described previously [40,50], were
used. The polyclonal chicken anti-glial fibrillary acidic protein (GFAP) antibody (Thermo Fisher
Scientific, Darmstadt, Germany; #PA1-10004, uDISCO 1:1500), the polyclonal rabbit anti-GFAP (Dako,
#Z0334, immunofluorescence 1:500), the polyclonal guinea pig anti-NeuN antibody (Synaptic Systems,
Goettingen, Germany; #266004, uDISCO 1:800), and the rabbit anti-MAP2 antibody (Abcam, Cambridge,
UK; #ab32454, immunofluorescence 1:250) were purchased from their respective suppliers.

2.4. Infection of in Vitro Cell Cultures and Immunofluorescence Staining

Two-week-old primary rat hippocampal cell cultures were infected with 1 × 103 infectious units of
rRABV Dog, rRABV Fox, rCVS-11, and SAD L16, and cultivated for 24 h at 37 ◦C and 5% CO2. Indirect
immunofluorescence was performed by standard techniques after fixation with 4% paraformaldehyde
(PFA) in phosphate-buffered saline (PBS) for 30 min and 15 min permeabilization with 0.5% Triton
X-100 in PBS. Afterwards, samples were blocked with 0.025% skim milk powder in PBS for 15 min.
Immunostainings were executed by 1.5 h incubation with primary antibodies, three wash steps with
PBS, followed by 1 h incubation with secondary antibodies and additional Hoechst33342 (1 µg/mL)
for staining of the nuclear chromatin. Specimens were mounted on coverslips and were analyzed by
confocal laser scanning microscopy.

2.5. Brain Samples and Mouse Infections

Three- to four-week-old BALB/c mice (Charles-River, Germany) were infected with rRABV Rac,
rCVS-11, ERA, and SAD L16 viruses using two different inoculation routes and two different viral
doses, essentially as described before [51]. Two groups of six animals each were anesthetized and
infected i.m. with 102 or 105 TCID50/30 µL, and an additional group of three mice was infected i.c. with
102 TCID50/30 µL. The weight and the clinical score, ranging from zero to four, of all mice were observed
for 21 days post infection (dpi). When reaching a clinical score of two or three (ruffled fur, slowed
movement, weight loss >15%), the animals were anaesthetized with isoflurane and euthanized through
cervical dislocation. Samples were taken, fixed with 4% paraformaldehyde (PFA) for one week, and
stored for further processing. All remaining animals were euthanized at 21 dpi. Mouse experimental
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studies on the characterization of lyssaviruses were evaluated by the responsible animal care, use, and
ethics committee of the State Office for Agriculture, Food Safety, and Fishery in Mecklenburg-Western
Pomerania (LALFF M-V) and gained approval with permissions 7221.3–2–001/18.

2.6. Archived Mouse Brains Infected with rRABV Dog and rRABV Fox

To minimize animal experiments, archived PFA-fixed brains from previous pathogenicity trials [42]
were used for the analysis of rRABV Dog and rRABV Fox virus infections in mice. Similar to the mouse
experiments with rRABV Rac, rCVS-11, ERA, and SAD L16 described above, mice were inoculated via
the i.c. or the i.m. route.

2.7. Ultimate 3D Imaging of Solvent-Cleared Organs (uDISCO)

The clearing of brain tissue slices was performed as described previously [40] in modification
of earlier publications [38,39]. Briefly, the PFA-fixed tissues were sectioned into 1 mm-thick slices
using a vibratome (Leica VT1200S; Leica Biosystems, Wetzlar, Germany). All subsequent incubations
steps were performed with gentle oscillation. To increase antibody diffusion and reduce tissue
autofluorescence [38], the sections were pretreated with increasing concentrations of methanol (20%,
40%, 60%, 80%, and twice in 100%; dilutions with distilled water, incubation for 1 h each) and bleached
by overnight incubation at 4 ◦C with 5% H2O2 in 100% methanol. After removal of the bleaching
solution, the samples were rehydrated with decreasing concentrations of methanol (80%, 60%, 40%,
and 20%; dilutions with distilled water, incubation for 1 h each) and a subsequent wash with PBS for
1 h. To permeabilize the samples, they were washed twice for 1 h each with 0.2% Triton X-100 in PBS
and subsequently incubated for 48 h at 37 ◦C in 0.2% Triton X-100/20% DMSO/0.3 M glycine in PBS.
The samples were then blocked by incubation with 0.2% Triton X-100/10% DMSO/6% donkey serum
in PBS for 48 h at 37 ◦C. Primary antibodies were diluted in 3% donkey serum/5% DMSO in PTwH
(0.2% Tween-20 in PBS with 10 µg/mL heparin), and incubation of samples was performed at 37 ◦C for
5 days. The antibody solution was refreshed after 2.5 days. The samples were washed with PTwH by
exchanging the solution four times during the course of the day and subsequently incubated overnight
in PTwH. Incubation with secondary antibodies was performed in 3% donkey serum in PTwH for
5 days at 37 ◦C, refreshing the secondary antibody solution once after 2.5 days. Subsequent washing
was performed as described above following primary antibody incubation.

For tissue clearing, the samples were dehydrated with a series of tert-butanol (TBA) solutions
(30%, 50%, 70%, 80%, 90%, and 96%; dilutions with distilled water, incubation for 2 h each), leaving
96% TBA on overnight. Following further dehydration in 100% TBA for 2 h, the samples were cleared
in BABB-D15 [39] [1:2 mixture of benzyl alcohol (BA) and benzyl benzoate (BB), which is mixed with
diphenyl ether (DPE) at a ratio of 15:1 and supplemented with 0.4 vol% DL-α-tocopherol] until they
were optically transparent (2–6 h).

For confocal laser scanning microscopy, the samples were mounted in 3D-printed imaging
chambers (printer: Ultimaker 2 + [Ultimaker, Utrecht, Netherlands], material: co-polyester, nozzle:
0.25 mm, layer height: 0.06 mm, wall thickness: 0.88 mm, wall count: 4, infill: 100%, no support
structure; the corresponding .STL file is provided in the Supplementary Materials of Zaeck et al. [40]).

2.8. Confocal Laser Scanning Microscopy and Image Processing

The immunofluorescent staining of primary brain cells and infected tissues was visualized with a
confocal laser scanning microscope (Leica DMI 6000 TCS SP5; Leica Microsystems, Wetzlar, Germany)
equipped with a long free working distance 40×water immersion objective (NA = 1.1; Leica, #15506360).
For image processing, a Dell Precision 7920 workstation was used (CPU: Intel Xeon Gold 5118, GPU:
Nvidia Quadro P5000, RAM: 128 GB 2666 MHz DDR4, SSD: 2 TB; Dell, Frankfurt am Main, Germany).

For quantification of infected cells in thick tissue sections, the image was split into individual
channels using Fiji, an ImageJ (v1.52h) distribution package [52]. A bleach correction was performed
(simple ratio; background intensity: 5.0), and brightness and contrast were adjusted for each channel.
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Objects were identified and counted with the 3D Objects Counter plugin [53]. The resulting objects
map was overlaid with the RABV P channel to quantify infected objects. For each sample, at least six
regions were imaged and analyzed. The 3D projections in Figure 2d,e were generated with Icy [54].
All other maximum z- and 3D projections, including the Supplementary Videos S1–S4, were generated
with Fiji.

2.9. Statistical Analysis

Statistical significance was determined using two-way ANOVA followed by Tukey’s multiple
comparison test using GraphPad Prism 7.05.

3. Results

3.1. Astrocytes Are Readily Infected by both Field Viruses and Lab Strains in Mixed Primary Brain
Cell Cultures

To investigate whether field and lab-adapted RABVs differ in their ability to infect primary
neurons and non-neuronal astrocytes, hippocampal brain cells were prepared from neonatal rats and
were cultivated as mixed cultures containing neurons and glial cells. After 13 days of cultivation, the
cultures were infected with 103 infectious units of the recombinant field viruses rRABV Dog and rRABV
Fox, and the lab-adapted strains rCVS-11 and SAD L16. After 24 h of infection, the cells were fixed
and analyzed by confocal laser scanning microscopy using indirect immunofluorescence stainings
against RABV nucleoprotein N, neuron marker MAP2 (microtubule-associated protein 2) and astrocyte
marker GFAP (glial fibrillary acidic protein). All viruses infected both MAP2-positive neurons and
GFAP-positive astrocytes, as demonstrated by the formation of RABV-positive cytoplasmic inclusion
bodies (Figure 1). These data indicated that there was no obvious difference between the tested field
and the lab-adapted viruses in their ability to infect neurons and non-neuronal astrocytes.
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Figure 1. In vitro infection of primary hippocampus neurons and astrocytes by field and lab rabies
virus (RABV). (a–d) Indirect immunofluorescence detection of RABV nucleoprotein N (red) and
microtubule-associated protein 2 (MAP2) (green). Nuclei were counterstained with Hoechst33342
(blue). (e–f) Indirect immunofluorescence detection of RABV nucleoprotein N (red) and glial fibrillary
acidic protein (GFAP) (green). Nuclei were counterstained with Hoechst33342 (blue). Negative controls
for RABV detection are provided in Supplementary Figure S1.

Although all four viruses were able to infect GFAP-positive cells in the hippocampal cell cultures,
the majority of the infected cells were MAP2-positive neurons. To quantitatively compare astrocyte
infection between viruses, the number of RABV N-positive cells was counted for an area of 25 mm2,
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and the percentage of GFAP-positive and -negative RABV-infected cells was determined (Table 1). All
four viruses resulted in infection of GFAP-positive cells at levels ranging from 4.9% to 6.7%. Although
a higher percentage of GFAP-positive cells could not be excluded because a high number of cells could
not be classified into either positive or negative for GFAP, these results indicated that all four viruses
could readily establish an infection in cultivated astrocytes and did not substantially differ in their
ability to do so.

Table 1. Infection of GFAP- and MAP2-expressing cells in hippocampus cell cultures. RABV-infected
cells were counted after indirect immunofluorescence detection of RABV N protein and subdivided in
cells that were either negative (−) or positive (+) for GFAP/MAP2. Because of overlaying positive and
negative cells in GFAP and MAP2 stainings, a clear assignment was not always possible. Such cells
were classified as uncertain. CVS: Challenge Virus Street.

Virus
GFAP (−) GFAP (+) Uncertain

Count % Count % Count %

SAD L16 256 48.3 30 5.7 244 46
rCVS-11 58 64.4 6 6.7 26 28.9

rRABV Dog 252 46.8 29 5.4 258 47.9
rRABV Fox 1002 55.2 89 4.9 712 39.5

Virus
MAP2 (−) MAP2 (+) Uncertain

Count % Count % Count %

SAD L16 18 3.5 387 74.2 116 22.3
rCVS-11 1 1.0 44 43.2 57 55.9

rRABV Dog 27 5.3 347 73.3 109 21.4
rRABV Fox 190 7.3 2096 80.3 324 12.4

3.2. Field RABV Infects Neurons and Astrocytes In Vivo as Demonstrated by High-Resolution 3D Analysis of
Infected Brain Tissue

In order to test whether the primary cell culture infection experiments are comparable to the more
complex in vivo situation, a sample preparation and imaging pipeline was established, which allows
three-dimensional, high-resolution confocal laser scanning image acquisition from RABV-infected
tissue for 3D reconstruction and quantification of infected cells. To this end, 1 mm-thick brain slices
(Figure 2a) from clinically diseased rRABV Fox field virus-infected mice (i.m. infection route) were
immunostained for RABV P, GFAP, and NeuN, optically cleared, and imaged. Acquisition of z-stacks
by confocal laser scanning microscopy resulted in z-volumes of 400 µm × 400 µm × 50–100 µm (x, y,
and z) from different areas of the infected brain. RABV-infected neurons of variable morphologies
were detected by presence of NeuN and RABV P protein accumulation in neuronal cell bodies and
neurites (Figure 2b–e; details in Supplementary Figure S2). Astrocytes were detected by filamentous
GFAP-positive structures (Figure 2b–g).

Notably, besides accumulation of RABV P in NeuN-positive neurons, P also accumulated at
GFAP-positive filaments (Figure 2b,c,f,g; white arrows), indicating a robust infection of astrocytes by
field virus rRABV Fox. Evaluation of brain areas with differing localization patterns of the highlighted
cellular subpopulations (Figure 2b,c) revealed that astrocyte infections were not restricted to particular
regions of the brain but appeared in all imaged neuron layers or brain areas.

Because of the complex 3D morphology of both neurons (long axons in Figure 2b,c) and astrocytes
(filamentous structure of GFAP signals in Figure 2f,g), 3D reconstruction of the imaged tissues
(Figure 2d,e,g; Supplementary Videos S1 and S2) was performed in order to achieve reliable visualization
and quantification of cells in downstream analyses.
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respectively (Table 2). The fraction of RABV-positive cells ranged from 2.1% to 6.1% (SD: ± 1.4) for 

Figure 2. 3D immunofluorescence imaging of field RABV-infected neurons and astrocytes in a mouse
brain. (a) Workflow for 3D immunofluorescence imaging, including vibratome sectioning into 1 mm
slices, pretreatment, immunostaining, and subsequent optical clearing with organic solvents. Confocal
imaging and acquisition of cleared tissue slices was done in custom-made imaging containers (see
lower image). (b,c) Maximum z- and (d–e) 3D projections of z-stack (x, y, z = 400 µm, 400 µm, 59 µm for
D and 400 µm, 400 µm, 103 µm for E) after indirect immunofluorescence for RABV phosphoprotein P
(red), GFAP (green), and NeuN (blue). White arrows in Figure 2b indicate RABV P and GFAP-positive
astrocytes. (f) Maximum projection of detail from Figure 2b (see white box) with GFAP-positive cell
(green) and associated RABV P fluorescence (red). (g) 3D projection of detail view from Figure 2f.

3.3. Similar Levels of Field Virus Infection in both Neurons and Astrocytes in the Infected Mouse Brain

Whereas immunofluorescence analysis in Figure 2 clearly demonstrated infection of astrocytes
and neurons, they also revealed that only a fraction of both cell types was positive for RABV P. To
quantify the ratio of infected and non-infected neurons and astrocytes, 3D object segmentation and
counting was performed for NeuN- (Figure 3a,b) or GFAP (Figure 3d,e)-positive cells. The object map
was merged with their respective RABV fluorescence (Figure 3c,f; Supplementary Video S3), and the
number of RABV-positive neurons and astrocytes was determined by manual counting of RABV P- and
cell marker-positive cells. For the z-stack shown in Figures 2b and 3, total numbers of 762 neurons and
272 astrocytes were counted (Table 2, region 2), of which 16 and 18 were RABV positive, respectively.
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Figure 3. Quantification of RABV-infected neurons and astrocytes. (a) Maximum z-projection of objects
map for NeuN-positive neurons generated from a confocal z-stack (see Figure 2b). Individual neurons
in the z-stack were identified by NeuN-specific fluorescence and converted to objects. Numbers indicate
individual cell counts (for improved legibility of the individual numbers, refer to the enlarged details in
Supplementary Video S3). n = 762 neurons in a volume of 400 µm × 400 µm × 59 µm. The object colors
indicate different z-positions (darker colors in the back and brighter colors in the front). (b) Detail of
area indicated by white box in Figure 3a. Green arrows indicate RABV-positive neuron cell bodies.
(c) Overlay of objects map (greyscale) with RABV P signals allows identification and counting of
rRABV Fox-infected neurons. (d) Maximum z-projection of objects map for GFAP-positive astrocytes
generated from a confocal z-stack (see Figure 2b). Individual astrocytes in the z-stack were identified
by GFAP-specific fluorescence and converted to objects. Numbers indicate individual cell counts. n =

272 astrocytes in a volume of 400 µm × 400 µm × 59 µm. The object colors indicate different z-positions
(darker colors in the back and brighter colors in the front). (e) Detail of area indicated by white box in
Figure 3d. Green arrows indicate RABV-positive astrocytes. (f) Overlay of objects map (greyscale) with
RABV P signals allows identification and counting of rRABV Fox-infected astrocytes.

Table 2. Quantification of rRABV Fox-infected neurons and astrocytes. Results of the analysis of
six different areas of one infected mouse brain. The quantification pipeline of region 2 is depicted
in Figure 3. Neurons and astrocytes were segmented, automatically counted, and overlaid with the
respective RABV P signals. Infected cells were counted manually.

Neurons Astrocytes

Region Counted Infected % Mean SD Counted Infected % Mean SD

1 485 21 4.3

3.9 1.4

362 11 3.0

7.0 4.9

2 762 16 2.1 272 18 6.6
3 448 13 2.9 106 18 17.0
4 2518 132 5.2 488 9 1.8
5 3029 91 3.0 273 20 7.3
6 3847 234 6.1 541 32 5.9∑

11098 507 2042 108
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Analysis of six z-stacks from different RABV-infected brain areas of the same sample led to
the detection of 11,089 neurons and 2042 astrocytes, of which 3.9% and 7.0% were RABV positive,
respectively (Table 2). The fraction of RABV-positive cells ranged from 2.1% to 6.1% (SD: ± 1.4) for
neurons and 1.8% to 17.0% for astrocytes (SD: ± 4.9) (Table 2). These data indicated that rRABV Fox
infects astrocytes and neurons in the mouse brain to comparable levels.

Observation of three different rRABV Fox-infected mice revealed that the infection level for
astrocytes differed between single animals from 1.2% to 15.6% (SD: ± 6.7) (Supplementary Table S1).
Nevertheless, in spite of some variance between individual mice and/or between different analyzed
brain regions, detection of infected non-neuronal astrocytes in all animals at surprisingly high levels
indicates that astrocyte infection by RABV has been underestimated thus far.

3.4. Astrocyte Infection by RABV Depends on the Type of Virus (Field vs. Lab-Adapted).

To compare the astrocyte tropism of field and lab-adapted viruses after i.m. inoculation, brains of
mice infected with three different field viruses (rRABV Fox, rRABV Dog, and rRABV Rac) and two
lab-adapted viruses (rCVS-11 and ERA) were analyzed. SAD L16 was excluded from these analyses
since it is not able to induce clinical signs after i.m. inoculation (Supplementary Figure S3d).

Whereas rRABV Fox and rRABV Dog caused disease even after infection with a very low virus
dose [42], infections with rRABV Rac, rCVS-11, and ERA did not show any clinical signs at a dose of
102 TCID50 (Supplementary Figure S3). High dose infection with the ERA strain (105 TCID50) led to
100% disease development (Supplementary Figure S3c), whereas high dose infections with rRABV Rac
and rCVS-11 only caused disease in 50% and 16.7% of the infected mice, respectively (Supplementary
Figure S3a,b). Accordingly, available tissue samples for the latter two viruses were limited to two
and one infected brain. Imaging and quantification of at least six confocal z-stacks from different
RABV-infected regions per infected brain was performed.

RABV infections were readily detectable in the brain for all five viruses (Figure 4; Supplementary
Video S4). Whereas RABV P antigen accumulated at GFAP-positive structures in rRABV Fox, rRABV
Dog, and rRABV Rac-infected brains (Figure 4a,c,e), similar accumulations were not observed in
rCVS-11 or ERA-infected brains, in which only infection of NeuN-positive neurons was detected
(Figure 4b,d).

Infections with rRABV Fox, rRABV Dog, rRABV Rac, rCVS-11, and ERA led to a mean of 8.3%,
7.3%, 18.9%, 6.9%, and 15.1% RABV-positive neurons (Figure 5; Supplementary Table S1), respectively,
demonstrating a comparable level of neuron infection by all five viruses in clinically diseased mice.
However, significant differences were observed for the astrocyte infections. Whereas rRABV Fox,
rRABV Dog, and rRABV Rac infected 7.6% (SD: ± 6.7), 10.1% (SD: ± 7.7), and 16.5% (SD: ± 15.0)
of the astrocytes, no RABV-positive astrocytes were detected in rCVS-11 and ERA-infected samples
(Figure 5; Supplementary Table S1). These data indicated that, in contrast to the tested field viruses,
the lab-adapted RABVs rCVS-11 and ERA did not infect astrocytes to detectable levels in vivo after
i.m. inoculation.

3.5. Confirmation of the Specific Astrocyte Tropism of Field RABV, ERA, and SAD L16 after i.c. Inoculation
and Route-Dependent Astrocyte Infection by rCVS-11

To test whether the inoculation route affects astrocyte infection and whether the highly attenuated
SAD L16 virus is comparable to the SAD vaccine progenitor strain ERA, brain samples from two
animals i.c.-infected with rRABV Fox, rRABV Dog, rCVS-11, or SAD L16 and one infected with the
ERA strain were analyzed.

With astrocyte infections at frequencies of 10.9% (SD: ± 10.3), 11.6% (SD: ± 5.6), and 27.2%
(SD: ± 12.8) (Figure 6; Supplementary Table S2), rRABV Fox, rRABV Dog, and rRABV Rac led to
robust astrocyte infection via the i.c. route and thus confirmed their ability to establish astrocyte
infection in vivo (Figure 7a,c,e). Lack of detectable astrocyte infection for the ERA and SAD L16 further
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confirmed that these viruses are not able to infect astrocytes to a detectable level (Figure 7d,f and
Figure 6), even after direct virus administration into the brain.Cells 2020, 9, 412 11 of 21 
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rCVS-11), 49 µm (c, rRABV Dog), 100 µm (d, ERA) and 89 µm (e, rRABV Rac)] after indirect 
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stacks, refer to Supplementary Video S4. Insets in Figure 4a,c,e show RABV P accumulation (red) at 
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Figure 4. Comparison of field and lab RABV-infected brains after intramuscular (i.m.) infection with
rRABV Fox, rRABV Dog, rRABV Rac, rCVS-11, and Evelyn Rokitnicki Abelseth (ERA). (a–e) Maximum
z-projections of z-stacks [x, y = 400 µm, 400 µm (a–e); z = 59 µm (a, rRABV Fox), 66 µm (b, rCVS-11),
49 µm (c, rRABV Dog), 100 µm (d, ERA) and 89 µm (e, rRABV Rac)] after indirect immunofluorescence
for RABV phosphoprotein P (red), GFAP (green), and NeuN (blue). To improve visualization of
the maximum z-projections, some z-stacks were reduced in thickness. For the full z-stacks, refer to
Supplementary Video S4. Insets in Figure 4a,c,e show RABV P accumulation (red) at GFAP-positive
cells (green). Insets in Figure 4b,d show NeuN- (blue) and RABV P (red)-positive neurons. For the
individual channels of the detail images, see Supplementary Figure S4.
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values are provided as horizontal lines. * p ≤ .05; ** p ≤ .01; *** p ≤. 001 (two-way ANOVA with Tukey’s 
multiple comparison test). 
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Figure 5. Percentage of field and lab RABV-infected neurons and astrocytes after i.m. inoculation. Per
virus, 3 to 9 × 103 astrocytes and 1.5 to 4 × 104 neurons were counted in 19 (rRABV Fox), 20 (rRABV
Dog), 12 (rRABV Rac and ERA), and six (rCVS-11) independent confocal z-stacks in three (rRABV
Fox and rRABV Dog), two (rRABV RAC and ERA), and one (rCVS-11) animal (see Supplementary
Table S1). Each dot represents the frequency of infected astrocytes or neurons in an analyzed z-stack.
Mean values are provided as horizontal lines. * p ≤ .05; ** p ≤ .01; *** p ≤. 001 (two-way ANOVA with
Tukey’s multiple comparison test).Cells 2020, 9, 412 13 of 21 

 

 
Figure 6. Percentage of field and lab RABV-infected neurons and astrocytes after i.c. inoculation. Per 
virus, 5 to 9 × 103 astrocytes and 1.3 to 3 × 104 neurons were counted in 12 (rRABV Dog, rRABV Fox, 
rRABV Rac, rCVS-11, and SAD L16) and six (ERA) independent confocal z-stacks in two (rRABV Fox, 
rRABV Dog, rRABV Rac, rCVS-11, and SAD L16) and one (ERA) animal (see Supplementary Table 
S2). Each dot represents the frequency of infected astrocytes or neurons in an analyzed z-stack. Mean 
values are provided as horizontal lines. * p ≤ .05; ** p ≤. 01; *** p ≤. 001; n.s. = not significant (two-way 
ANOVA with Tukey’s multiple comparison test). 

Figure 6. Percentage of field and lab RABV-infected neurons and astrocytes after i.c. inoculation. Per
virus, 5 to 9 × 103 astrocytes and 1.3 to 3 × 104 neurons were counted in 12 (rRABV Dog, rRABV Fox,
rRABV Rac, rCVS-11, and SAD L16) and six (ERA) independent confocal z-stacks in two (rRABV Fox,
rRABV Dog, rRABV Rac, rCVS-11, and SAD L16) and one (ERA) animal (see Supplementary Table S2).
Each dot represents the frequency of infected astrocytes or neurons in an analyzed z-stack. Mean
values are provided as horizontal lines. * p ≤ .05; ** p ≤. 01; *** p ≤. 001; n.s. = not significant (two-way
ANOVA with Tukey’s multiple comparison test).
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Figure 7. Comparison of field and lab RABV-infected brains after i.c. infection. (a–f) Maximum z-
projections of z-stacks [x, y = 400 µm, 400 µm (a–f); z = 21 µm (a, rRABV Fox), 48 µm (b, rCVS-11), 74 
µm (c, rRABV Dog), 98 µm (d, ERA), 75 µm (e, rRABV Rac) and 67 µm (f, SAD L16)] after indirect 
immunofluorescence for RABV phosphoprotein P (red), GFAP (green), and NeuN (blue). Insets in 
Figure 7a,b,c,e show RABV P accumulation (red) at GFAP-positive cells (green). To improve 
visualization of the maximum z-projections, some z-stacks were reduced in thickness. Insets in Figure 
7d,f show NeuN- (blue) and RABV P (red)-positive neurons. For the individual channels of the detail 
images, see Supplementary Figure S5. 

4. Discussion 

By use of a novel immunofluorescence-compatible technique for 3D immunofluorescence 
imaging of solvent-cleared brain tissue slices [38,39] adapted to the imaging of RABV infections in 
brain tissue [40], we investigated the cell tropism of six different RABV isolates and lab-adapted 

Figure 7. Comparison of field and lab RABV-infected brains after i.c. infection. (a–f) Maximum
z-projections of z-stacks [x, y = 400 µm, 400 µm (a–f); z = 21 µm (a, rRABV Fox), 48 µm (b, rCVS-11),
74 µm (c, rRABV Dog), 98 µm (d, ERA), 75 µm (e, rRABV Rac) and 67 µm (f, SAD L16)] after
indirect immunofluorescence for RABV phosphoprotein P (red), GFAP (green), and NeuN (blue).
Insets in Figure 7a,b,c,e show RABV P accumulation (red) at GFAP-positive cells (green). To improve
visualization of the maximum z-projections, some z-stacks were reduced in thickness. Insets in
Figure 7d,f show NeuN- (blue) and RABV P (red)-positive neurons. For the individual channels of the
detail images, see Supplementary Figure S5.

Notably, in contrast to the i.m. inoculation route and to the other i.c.-inoculated lab-adapted
RABVs SAD L16 and ERA, 13.4% (SD: ± 10.4) of the astrocytes were RABV-positive in rCVS-11-infected
animals, indicating that, in the case of rCVS-11, the infection route has a substantial influence on
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astrocyte infection in the brain. However, the ratio of rCVS-11-infected neurons (8.7%; SD: ± 4.0)
remained comparable to i.m. infections.

4. Discussion

By use of a novel immunofluorescence-compatible technique for 3D immunofluorescence imaging
of solvent-cleared brain tissue slices [38,39] adapted to the imaging of RABV infections in brain
tissue [40], we investigated the cell tropism of six different RABV isolates and lab-adapted strains.
Both neurons and astrocytes display heterogeneous morphologies with pronounced three-dimensional
projections. Compared to conventional thin sections or even in silico 3D reconstructions of serial
thin sections, optical slicing of 1 mm-thick tissue samples during image acquisition allowed fast and
seamless 3D reconstruction of immunostained tissues and high-resolution dissection of the detected
antigens [40]. For the first time, this allowed systematic analysis and comparison of the tropism of
the different viruses in large 3D volumes of infected mouse brains. One example for the superiority
of the employed technique is the unambiguous detection of rCVS-11-infected astrocytes after i.c.
inoculation (Figures 6 and 7), whereas conventional thin layer immunohistochemistry analyses led to
the assumption that infection of glial cells by CVS does not occur, even after i.c. inoculation [55].

Importantly, more than 104 neurons and 103 astrocytes (Supplementary Table S1 and S2) were
quantitatively investigated for RABV infection in their authentic environment per virus and inoculation
route. This provided reliable datasets about the frequencies of RABV detection in the two cellular
subpopulations in vivo and statistically significant differences in astrocyte infections, which depended
on the degree of virulence and the inoculation route of the tested RABVs (Figures 5 and 6).

Because of the clonal and the defined nucleotide sequences, the recombinant viruses rRABV Fox
and rRABV Dog [42], rRABV Rac (this work), SAD L16 [43], and rCVS-11 (this work) were selected for
the analyses (full genome nucleotide and G protein amino acid sequence comparisons are provided in
Supplementary Tables S3 and S4, and Supplementary Figure S6). Since SAD L16 was directly derived
from the live vaccine SAD B19 vaccine strain [56], which is equally apathogenic after intramuscular
inoculation, the non-recombinant SAD B19 progenitor vaccine virus strain ERA was included to allow
for the investigation of attenuated live vaccine virus astrocyte tropism after peripheral i.m. inoculation.
Compared to SAD B19, the ERA strain has a less intense cell culture passage history [45] and is still
pathogenic in mice after peripheral inoculation [57]. Indeed, whereas SAD L16 was not able to cause
disease after i.m. inoculation, ERA was even more pathogenic than rCVS-11 at the high i.m. inoculation
dose of 105 TCID50 with 100% and 16.7% of mice developing clinical signs, respectively (Supplementary
Figure S3).

Both the progenitor field virus isolates and the respective recombinant virus clones rRABV Fox and
rRABV Dog have been shown to share comparable pathogenicity with efficient disease development
after i.m. infection of mice [42]. For the two aforementioned field virus isolates as well as for the
raccoon RABV isolate used here for the generation of rRABV Rac, virulence in raccoons has been
demonstrated [46]. Notably, although the raccoon virus isolate was highly virulent in its natural
reservoir host, the recombinant clone rRABV Rac generated here was less virulent in mice, showing a
pathogenicity of 50% only at the high i.m. inoculation dose (Supplementary Figure S3).

In striking contrast to rRABV Fox and rRABV Dog, the lab virus clone rCVS-11 was less efficient
via the i.m. route but still able to cause disease in one out of six mice at a high virus dose of 105

infectious units per mouse (Supplementary Figure S3). This perfectly matched previous studies, where
the non-recombinant progenitor CVS-11 strain caused disease in only 16.7% of the mice at high i.m.
dose inoculation, and, as observed here (Supplementary Figure S3), was apathogenic at low dose i.m.
infection [51].

In contrast to the in vivo results, in vitro infection of mixed rat hippocampal neuron/astrocyte
cultures with rRABV Fox, rRABV Dog, SAD L16, and rCVS-11 led to comparable levels of astrocyte
infections, as demonstrated by GFAP-positive, RABV-infected cells (Figure 1) in a range from 4.9%
to 6.7% for all viruses (Table 1). These data were in accordance with the general susceptibility of
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cultivated astrocytes for RABV infection repeatedly shown for field and lab-adapted viruses [29,34],
with preferential replication in neurons [32]. Whereas Tsiang et al. reported 90–99% of the primary
astrocytes free of RABV antigen, our results indicate that there is less variation within the tested viruses,
with virus antigen detection in about 5% of the cultivated astrocytes independent of whether they were
of field virus or lab strain origin (Table 1). Overall, comparison of the in vitro and the in vivo data
showed that a general susceptibility of a primary CNS cell subpopulation in vitro (Figure 1) does not
necessarily reflect the situation in vivo (Figures 2, 4 and 6).

Reasons for this could be altered antiviral response profiles in the more disordered cell culture
conditions, different replication and spreading kinetics of the viruses in vivo, or differences in the
non-synaptic release of infected neurons to allow infection of non-synaptically connected CNS cells.
Whereas no information is available about the latter thus far, it is known that astrocytes are abortively
infected by a chimeric SAD L16 virus expressing CVS-11 glycoprotein in mouse brains [33]. This
supports the idea that replication of rCVS-11, ERA, and SAD L16 was similarly blocked in astrocytes by
potent innate immune responses after infection via the i.m. or the i.c. inoculation routes, respectively.
However, since neither viral genome copies nor virus mRNA levels were measured here, it remains to
be clarified whether replication kinetics of the lab strains indeed differ from those of the field strains in
the infected brains.

Nevertheless, it is conceivable that a more efficient replication of rRABV Fox, rRABV Dog, and
rRABV Rac, and therefore the accumulation of the major interferon antagonist phosphoprotein P [8,9]
in astrocytes, led to inhibition of antiviral responses. Indeed, lab-attenuated RABV has been shown
to differ from wild-type RABV by the induction of an increased type I interferon (IFN) production
and expression of inflammatory cytokines via the mitochondrial antiviral-signaling protein (MAVS)
pathway [34]. Accordingly, the immunofluorescence detection of RABV P for the identification of
infected cells (Figures 2, 4 and 6) confirmed the presence of abundant levels of the major interferon
antagonist in the field virus-infected astrocytes. It is highly unlikely that the lack of P detection in the
astrocytes of lab RABV-infected animals was due to a major difference in P gene expression of field
viruses, since P was readily detectable in lab RABV-infected neurons.

Besides supporting virus replication in astrocytes by decreasing release of inflammatory cytokines,
robust field virus replication in these cells may result in a less pronounced or delayed general antiviral
response to field viruses. This would be in accordance with the observed immune escape of field
viruses in infected animals [35] and may represent a major immunological difference to lab-adapted
strains. However, further experimentation will be needed to test this hypothesis.

Notably, and in contrast to the ERA strain not being detected in astrocytes after i.c. inoculation,
the astrocyte infection by rCVS-11 was at a frequency of 13.4% after i.c. inoculation (Figure 6 and
Supplementary Table S2) and also at higher levels than observed for the field viruses rRABV Fox
and rRABV Dog after both i.c. and i.m. infection. This revealed that the ability for rCVS-11 to
establish an infection in these cell types depended on the infection route. Since infection from the
periphery relies on trans-synaptic spread of the viruses and the virus may not become visible for
immune and non-neuronal target cells, astrocyte infection could represent a late phase phenotype of
brain infection, where abundant infection of neurons and non-synaptic release of virus particles may
facilitate astrocyte infection. Consequently, astrocyte-mediated immune reactions would be delayed
and virus elimination prior to disease onset not possible. Compared to the field viruses, slower virus
replication and/or spreading kinetics of rCVS-11 could lead to lower levels or the absence of detectable
astrocyte infection after i.m. inoculation (Figure 5), although the virus is principally able to infect these
cell types (Figure 7b). Indeed, the efficacy of trans-synaptic retrograde spread can differ between a
highly neurotropic CVS-24 virus variant and an SAD L16-like vaccine virus [24]. On a higher level,
this may also distinguish highly virulent field viruses such as rRABV Fox and rRABV Dog from
rCVS-11. Furthermore, it is conceivable that i.c. inoculations represent a shortcut to brain infection
with simultaneous and multiple infection of neurons and astrocytes in a non-transsynaptic manner.
Higher numbers of infected cells at the beginning of CNS infection compared to trans-synaptic invasion
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after i.m. infection may lead to faster virus spread and infection of multiple regions of the brain with
abundant late phase virus release and astrocyte infection, similar to that speculated above for i.m.
infections with highly virulent field viruses.

Indeed, astrocyte activation by other viruses have been shown to occur earlier after i.c. than after
peripheral infections [58]. Both virus and cell response kinetics may differ between the two infection
routes. Increased induction of neuronal cell death after i.c. RABV infection compared to no detectable
apoptosis in i.m.-infected animals [59] further indicates qualitative differences in host reaction to
the virus. The special role of astrocytes in the CNS as a main source of IFN-β expression and virus
control through TLR (Toll-like receptor) and RLR (RIG-I-like receptor) activation pathways [33,60,61]
in combination with the infection route-dependent differences described here, as observed for rCVS-11,
may contribute to such differences in apoptosis and other host reaction patterns. However, further
studies must clarify whether different infectious route-dependent and -independent virus kinetics
can determine astrocyte tropism in vivo and how this affects downstream host reactions. Since
differences in innate immune induction through dsRNA between field and attenuated viruses were
demonstrated [34], the innate immune induction potential of rRABV Fox, rRABV Dog, rRABV Rac,
rCVS-11, ERA, and SAD L16 in astrocytes has to be investigated in order to assess whether the route
dependency of rCVS-11 is also affected by different levels of innate immune induction.

Most likely, lack of astrocyte infection by SAD L16 and ERA was the outcome of strong virus
inhibition and elimination, as abortive astrocyte infection by a comparable virus has previously been
suggested [33]. Whether less antiviral response induction may allow the more virulent rCVS-11
or the highly virulent field viruses to overcome a threshold of virus replication and antagonist
expression—and thus may support further replication—will be addressed in future studies. Even
though the underlying mechanisms cannot be clarified here, comparable results for SAD L16 and the
still pathogenic ERA strain strongly suggest that a general block of detectable astrocyte replication of
these vaccine strains represents a major difference to the other tested viruses.

Only by using novel 3D immunofluorescence techniques, we were able to provide comprehensive
analyses of the cell tropism of highly virulent field RABVs and less virulent or attenuated lab strains. In
particular, high-resolution 3D images and quantitative downstream analysis provided novel insights in
the infection processes at the clinical phase of this deadly disease. Although independent of detectable
astrocyte infection, symptoms and lethal progression of the disease occur once the virus efficiently
spreads in the brain after infection with all six tested viruses (Figure 7 and Supplementary Figure
S3). However, different virus kinetics and astrocyte-related innate immune reactions may affect the
progression kinetics, immune pathogenicity, and further spread of the virus to peripheral salivary
glands. The latter may represent a key issue in terms of field virus transmission and maintenance in
host populations.

Whereas these aspects must be addressed in separate trials, this study provides a novel and
quantitative basis for a new, dynamic view on RABV host interactions in vivo on the cellular
level. Also, this approach showcases the potential of immunostaining-compatible tissue clearing/3D
imaging techniques to specifically investigate virus–host interactions at high-resolution on cellular
and subcellular levels. While this study focused on standard cellular markers for neurons and
astrocytes, future approaches including immune and host pathway markers will pave the way for
direct high-resolution imaging-based analysis of infection processes in complex and morphologically
preserved tissues.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/2/412/s1,
Captions_SupplementaryFiles: Captions and legends to supplementary figures, tables, and videos. Figure S1:
Immunofluorescence of non-infected astrocytes and neurons in vitro. Figure S2: Details of rRABV Fox-infected,
NeuN-positive neurons. Figure S3: Kaplan-Meyer survival plots for rRABV Rac, rCVS-11, ERA, and SAD L16.
Figure S4: Details of field virus (rRABV Fox, rRABV Dog, and rRABV Rac) and lab RABV (rCVS-11 and ERA)
infections after i.m. inoculation. Figure S5: Details of field virus (rRABV Fox, rRABV Dog, and rRABV Rac)
and lab RABV (rCVS-11, ERA, and SAD L16) infections after i.c. inoculation. Figure S6. Amino acid alignment
of glycoprotein G of rRABV Rac, rCVS-11, SAD L16, rRABV Fox, and rRABV Dog. Table S1: Quantification of
RABV-infected neurons and astrocytes after i.m. infection. Table S2: Quantification of RABV-infected neurons
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and astrocytes after i.c. infection. Table S3. Nucleotide sequence alignment of full genome sequences of rRABV
Rac, rCVS-11, SAD L16, rRABV Dog, and rRABV Fox. Table S4. Alignment of G protein amino acid sequence of
rRABV Rac, rCVS-11, SAD L16, rRABV Dog, and rRABV Fox. Video S1: 3D projections of rRABV Fox-infected
astrocytes and neurons in two different areas of a mouse brain. Video S2: 3D projection of an rRABV Fox-infected
astrocyte in a mouse brain. Video S3: 3D projection of the quantification of RABV-infected neurons and astrocytes.
Video S4: 3D projections of field and lab RABV-infected brains after i.m. infection with rRABV Fox, rRABV Dog,
rRABV Rac, rCVS-11, and ERA, and SAD L16 after i.c. infection.
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Figure S1: Immunofluorescence of non-infected astrocytes and neurons in vitro. 

Figure S2:  Details of rRABV Fox-infected, NeuN-positive neurons. 

Figure S3:  Kaplan-Meyer survival plots for rRABV Rac, rCVS-11, ERA, and SAD L16. 

Figure S4:  Details of street virus (rRABV Fox, rRABV Dog, and rRABV Rac) and lab 

RABV (rCVS-11 and ERA) infections after i.m. inoculation. 

Figure S5:  Details of street virus (rRABV Fox, rRABV Dog, and rRABV Rac) and lab 

RABV (rCVS-11, ERA, and SAD L16) infections after i.c. inoculation. 

Figure S6.  Amino acid alignment of glycoprotein G of rRABV Rac, rCVS-11, SAD L16, 

rRABV Fox, and rRABV Dog. Dissimilarities are highlighted by colors. 

Alignment and figure creation was performed with Geneious version 11.1 by 

Biomatters. Available from https://www.geneious.com. 

Table S1:  Quantification of RABV-infected neurons and astrocytes after i.m. infection. 

Results of the analysis of six to eight different regions of each infected mouse brain 

for three (rRABV Fox, rRABV Dog), two (rRABV Rac and ERA), and one (rCVS-

11) animal infected via the i.m. route. Neurons and astrocytes were segmented, 

automatically counted, and overlaid with the respective RABV P signals. Infected 

cells were counted manually. 

Table S2:  Quantification of RABV-infected neurons and astrocytes after i.c. infection. 

Results of the analysis of six different regions of each infected mouse brain for two 

(rRABV Fox, rRABV Dog, rRABV Rac, rCVS-11, and SAD L16) and one (ERA) 

animal infected via the i.c. route. Neurons and astrocytes were segmented, 

automatically counted, and overlaid with the respective RABV P signals. Infected 

cells were counted manually. 

Table S3.  Nucleotide sequence alignment of full genome sequences of rRABV Rac, rCVS-

11, SAD L16, rRABV Dog, and rRABV Fox. Shown are nucleotide identities of the 

respective viruses of which the cloned full-length cDNA copies have been 

sequenced. The SAD L16 precursor virus ERA (FLI ID N° 12829) was excluded 

from the comparison as the full genome sequence has not yet been determined for 

this ERA virus batch. 

Table S4.  Alignment of G protein amino acid sequence of rRABV Rac, rCVS-11, SAD L16, 

rRABV Dog, and rRABV Fox. Shown are amino acid identities of the respective 

viruses. 
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Video S1: 3D projections of rRABV Fox-infected astrocytes and neurons in two different 

areas of a mouse brain. 3D projections of z-stacks from Figure 2b and c (x, y, z = 

400 µm, 400 µm, 59 µm for (a) and 400 µm, 400 µm, 103 µm for (b), respectively) 

after indirect immunofluorescence for RABV phosphoprotein P (red), GFAP 

(green), and NeuN (blue). 

Video S2: 3D projection of an rRABV Fox-infected astrocyte in a mouse brain. (a) 3D 

projection of the detail view from Figure 2f with a GFAP-positive cell (green, (c)) 

and associated accumulation of RABV P (red, (b)). (d) No neuronal NeuN (blue) 

was detected. 

Video S3: 3D projection of the quantification of RABV-infected neurons and astrocytes. 

 (a) 3D projection of the objects map for NeuN-positive neurons from Figure 3c 

generated from a confocal z-stack (see Figure 2b). Overlay of objects map 

(greyscale) with RABV P signals allows identification and counting of rRABV Fox-

infected neurons. (b) 3D projection of the objects map for GFAP-positive astrocytes 

from Figure 3f generated from a confocal z-stack (see Figure 2b). Overlay of objects 

map (greyscale) with RABV P signals allows identification and counting of rRABV 

Fox-infected astrocytes. 

Video S4:   3D projections of street and lab RABV-infected brains after i.m. infection with 

rRABV Fox, rRABV Dog, rRABV Rac, rCVS-11, ERA, and SAD L16 after i.c. 

infection. (a-f) 3D projections of z-stacks (x, y = 400 µm, 400 µm (a-f); z = 59 µm (a, 

rRABV Fox), 66 µm (b, rCVS-11), 77 µm (c, rRABV Dog), 100 µm (d, ERA), 89 µm 

(e, rRABV Rac), and 67 µm (f, SAD L16)) after indirect immunofluorescence for 

RABV phosphoprotein P (red), GFAP (green), and NeuN (blue). 
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Figure S6. Amino acid alignment of glycoprotein G of rRABV Rac, rCVS‐11, SAD L16, 

rRABV Fox, and rRABV Dog. Dissimilarities are highlighted by colors. Alignment and 

figure creation was performed with Geneious version 11.1 by Biomatters. Available from 

https://www.geneious.com. 

 



Table S1: Quantification of RABV-infected neurons and astrocytes after i.m. infection.

region counted infected % mean        SD counted infected % mean      SD
1 485 21 4,3 362 11 3,0
2 762 16 2,1 272 18 6,6
3 448 13 2,9 106 18 17,0
4 2518 132 5,2 488 9 1,8
5 3029 91 3,0 273 20 7,3
6 3847 234 6,1 541 32 5,9
∑ 11089 507 2042 108
1 2310 218 9,4 897 11 1,2
2 3684 421 11,4 689 1 0,1
3 2021 212 10,5 671 21 3,1
4 2627 152 5,8 435 2 0,5
5 3085 102 3,3 494 0 0,0
6 2063 497 24,1 643 6 0,9
7 1569 187 11,9 631 15 2,4
∑ 17359 1789 4460 56
1 1346 218 16,2 533 74 13,9
2 2543 186 7,3 455 79 17,4
3 2565 212 8,3 336 57 17,0
4 1266 143 11,3 345 48 13,9
5 1910 143 7,5 511 76 14,9
6 2225 145 6,5 452 76 16,8
∑ 11855 1047 2632 410

40303 8,3 5,2 9134 7,6 6,7

1 216 35 16,2 556 53 9,5
2 883 16 1,8 604 44 7,3
3 1351 67 5,0 420 100 23,8
4 2812 352 12,5 186 48 25,8
5 3067 307 10,0 150 9 6,0
6 3101 107 3,5 294 17 5,8
∑ 11430 884 2210 271
1 1444 59 4,1 580 60 10,3
2 477 47 9,9 410 72 17,6
3 2165 139 6,4 260 40 15,4
4 1634 52 3,2 488 76 15,6
5 2240 93 4,2 11 2 18,2
6 1282 115 9,0 552 65 11,8
7 1492 38 2,5 634 54 8,5
8 2936 180 6,1 567 100 17,6
∑ 13670 723 3502 469
1 1825 141 7,7 238 5 2,1
2 1931 93 4,8 265 1 0,4
3 644 21 3,3 717 26 3,6
4 910 178 19,6 569 3 0,5
5 1143 140 12,2 326 3 0,9
6 2441 114 4,7 341 3 0,9
∑ 8894 687 2456 41

33994 7,3 4,7 8168 10,1 7,7

1 3143 493 15,7 748 24 3,2
2 3478 570 16,4 513 206 40,2
3 1639 254 15,5 884 155 17,5
4 1769 244 13,8 633 109 17,2
5 3671 287 7,8 903 43 4,8
6 3811 479 12,6 754 52 6,9
∑ 17511 2327 4435 589
1 3164 670 21,2 779 331 42,5
2 3270 1084 33,1 932 266 28,5
3 2743 967 35,3 697 225 32,3
4 1252 59 4,7 550 2 0,4
5 2784 211 7,6 369 9 2,4
6 1404 611 43,5 564 11 2,0
∑ 14617 3602 3891 844

32128 18,9 11,6 8326 16,5 15,0
1 1979 66 3,3 757 0 0,0
2 1791 39 2,2 293 0 0,0
3 1464 104 7,1 287 0 0,0
4 1847 218 11,8 823 0 0,0
5 3239 410 12,7 399 0 0,0
6 3056 136 4,5 456 0 0,0
∑ 13376 973 3015 0

13376 6,9 4,0 3015 0,0 0,0

1 3896 89 2,3 655 0 0,0
2 3707 213 5,7 798 0 0,0
3 3533 240 6,8 687 0 0,0
4 292 189 64,7 727 0 0,0
5 2145 285 13,3 590 0 0,0
6 1908 702 36,8 623 0 0,0
∑ 15481 1718 4080 0
1 4545 131 2,9 1488 0 0,0
2 1729 436 25,2 354 0 0,0
3 1501 83 5,5 601 0 0,0
4 4341 214 4,9 780 0 0,0
5 3172 250 7,9 723 0 0,0
6 3553 185 5,2 666 0 0,0
∑ 18841 1299 4612 0

34322 15,1 17,9 8692 0,0 0,0total
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Table S2: Quantification of RABV-infected neurons and astrocytes after i.c. infection.

region counted infected % mean        SD counted infected % mean      SD
1 2151 149 6,93 533 0 0,00

2 2064 120 5,81 388 0 0,00

3 1193 163 13,66 453 4 0,88

4 1184 143 12,08 479 26 5,43

5 1693 143 8,45 326 6 1,84

6 3523 145 4,12 1157 1 0,03

∑ 11808 863 3336 37

1 1795 137 7,63 516 54 10,47

2 2112 132 6,25 458 114 24,89

3 2207 67 3,04 348 87 25,00

4 1360 102 7,50 435 91 20,92

5 1528 99 6,48 541 124 22,92

6 2018 115 5,70 491 90 18,33

∑ 11020 652 2789 560

22828 7,3 2,9 6125 10,9 10,3

1 2753 234 8,50 128 9 7,03

2 2573 45 1,75 423 64 15,13

3 1497 38 2,54 717 27 3,77

4 2798 204 7,29 677 37 5,47

5 2554 80 3,13 517 31 6,00

6 2661 129 4,85 446 61 13,68

∑ 14836 730 2908 229

1 2436 241 9,89 341 30 8,80

2 3131 362 11,56 479 81 16,91

3 3217 91 2,83 528 50 9,47

4 3715 76 2,05 411 56 13,63

5 1983 133 6,71 294 70 23,81

6 1219 230 18,87 674 103 15,28

∑ 15701 1133 2727 390

30537 6,7 4,8 2908 11,6 5,6

1 1736 226 13,0 507 142 28,0

2 1417 210 14,8 564 115 20,4

3 3487 233 6,7 621 113 18,2

4 905 206 22,8 587 134 22,8

5 2344 752 32,1 392 201 51,3

6 3693 240 6,5 647 70 10,8

∑ 13582 1867 3318 775

1 3376 291 8,6 564 148 26,2

2 3218 498 15,5 367 190 51,8

3 2573 384 14,9 656 55 8,4

4 2364 314 13,3 604 174 28,8

5 3795 387 10,2 575 163 28,3

6 2780 395 14,2 631 195 30,9

∑ 18106 2269 3397 925

31688 14,4 6,8 6715 27,2 12,8

1 1834 159 8,7 762 30 3,9

2 3684 55 1,5 1446 64 4,4

3 2093 77 3,7 2033 28 1,4

4 1959 313 16,0 534 33 6,2

5 2228 182 8,2 543 33 6,1

6 997 126 12,6 384 20 5,2

∑ 12795 912 5702 208

1 2680 184 6,9 679 57 8,4

2 2650 183 6,9 644 118 18,3

3 2565 373 14,5 336 98 29,2

4 1959 134 6,8 447 142 31,8

5 1751 153 8,7 422 94 22,3

6 1071 108 10,1 528 124 23,5

∑ 12676 1135 3056 633

25471 8,7 4,0 8758 13,4 10,4

1 1446 259 17,9 688 0 0,0

2 1150 81 7,0 862 0 0,0

3 3329 534 16,0 929 0 0,0

4 2640 628 23,8 622 0 0,0

5 1591 225 14,1 950 3 0,3

6 2602 301 11,6 1074 0 0,0

∑ 12758 2028 5125 3

12758 15,1 5,2 13883 0,1 0,1

1 2018 47 2,3 205 0 0,0

2 1348 219 16,2 458 0 0,0

3 1494 146 9,8 246 0 0,0

4 1903 90 4,7 301 0 0,0

5 2984 134 4,5 769 0 0,0

6 2500 106 4,2 498 0 0,0

∑ 12247 742 2477 0

1 2002 155 7,7 410 0 0,0

2 1240 40 3,2 830 1 0,1

3 1487 96 6,5 807 0 0,0

4 367 39 10,6 434 0 0,0

5 1481 75 5,1 471 0 0,0

6 2010 84 4,2 540 0 0,0

∑ 8587 489 3492 1

20834 6,6 3,8 5969 0,0 0,0
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Table S3. Nucleotide sequence alignment of full genome sequences of rRABV Rac, rCVS-11, SAD L16, rRABV Dog, and rRABV Fox.
rRABV Rac rCVS-11 SAD L16 rRABV Dog rRABV Fox

rRABV Rac 79.77% 79.68% 80.71% 80.78%
rCVS-11 79.77% 90.16% 90.90% 90.84%
SAD L16 79.68% 90.16% 91.89% 91.85%
rRABV Dog 80.71% 90.90% 91.89% 95.47%
rRABV Fox 80.78% 90.84% 91.85% 95.47%

Table S4. Alignment of G protein amino acid sequence of rRABV Rac, rCVS-11, SAD L16, rRABV Dog, and rRABV Fox.
rRABV Rac rCVS-11 SAD L16 rRABV Dog rRABV Fox

rRABV Rac 86.26% 87.02% 89.50% 89.50%
rCVS-11 86.26% 88.55% 92.18% 93.32%
SAD L16 87.02% 88.55% 93.70% 93.89%
rRABV Dog 89.50% 92.18% 93.70% 97.52%
rRABV Fox 89.50% 93.32% 93.89% 97.52%
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Neuroglia infection by rabies virus 
after anterograde virus spread in peripheral 
neurons
Madlin Potratz, Luca M. Zaeck, Carlotta Weigel, Antonia Klein, Conrad M. Freuling, Thomas Müller 
and Stefan Finke* 

Abstract 

The highly neurotropic rabies virus (RABV) enters peripheral neurons at axon termini and requires long distance 
axonal transport and trans-synaptic spread between neurons for the infection of the central nervous system (CNS). 
Recent 3D imaging of field RABV-infected brains revealed a remarkably high proportion of infected astroglia, indicat-
ing that highly virulent field viruses are able to suppress astrocyte-mediated innate immune responses and virus 
elimination pathways. While fundamental for CNS invasion, in vivo field RABV spread and tropism in peripheral tissues 
is understudied. Here, we used three-dimensional light sheet and confocal laser scanning microscopy to investigate 
the in vivo distribution patterns of a field RABV clone in cleared high-volume tissue samples after infection via a 
natural (intramuscular; hind leg) and an artificial (intracranial) inoculation route. Immunostaining of virus and host 
markers provided a comprehensive overview of RABV infection in the CNS and peripheral nerves after centripetal and 
centrifugal virus spread. Importantly, we identified non-neuronal, axon-ensheathing neuroglia (Schwann cells, SCs) in 
peripheral nerves of the hind leg and facial regions as a target cell population of field RABV. This suggests that virus 
release from axons and infected SCs is part of the RABV in vivo cycle and may affect RABV-related demyelination of 
peripheral neurons and local innate immune responses. Detection of RABV in axon-surrounding myelinating SCs after 
i.c. infection further provided evidence for anterograde spread of RABV, highlighting that RABV axonal transport and 
spread of infectious virus in peripheral nerves is not exclusively retrograde. Our data support a new model in which, 
comparable to CNS neuroglia, SC infection in peripheral nerves suppresses glia-mediated innate immunity and delays 
antiviral host responses required for successful transport from the peripheral infection sites to the brain.

Keywords: Rabies pathology, Tissue optical clearing, 3D tissue imaging, Light sheet microscopy, Neuroglia infection, 
Schwann cell
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Introduction
Rabies is estimated to cause 59,000 human deaths annu-
ally in over 150 countries, with 95% of cases occur-
ring in Africa and Asia (reviewed in [21, 26]). The 
disease is caused by a plethora of highly neurotropic, 

non-segmented, single-stranded RNA viruses of nega-
tive polarity belonging to the family Rhabdoviridae of 
the order Mononegavirales, of which the rabies virus 
(RABV) is the type species of the Lyssavirus genus [2]. 
RABV and other lyssaviruses enter the nervous system 
at the synapses of peripheral neurons. After receptor-
mediated endocytosis, the virions remain in endoso-
mal vesicles and hijack the retrograde axonal transport 
machinery [23, 34, 60] to reach the neuron soma, where 
virus ribonucleoproteins (RNPs) are released into the 
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cytoplasm [48] for virus gene expression and replication. 
Newly formed virus is then transported to post-synaptic 
membranes, followed by trans-synaptic spread to con-
nected neurons [12]. Prolonged replication of pathogenic 
RABV in the brain eventually leads to the onset of a pro-
gressive rabies encephalitis, invariably resulting in fatal 
disease progression. In animals suffering from RABV 
encephalitis, the virus can be detected in multiple nerv-
ous or innervated tissues including hind leg, spinal cord, 
brain, face, and salivary glands [5, 15]. For the transmis-
sion of infectious virus to new hosts via virus-contain-
ing saliva, centrifugal spread of RABV in the peripheral 
nervous system (PNS) is required [18]. The secretion of 
RABV-containing saliva by salivary glands is commonly 
accepted as the main source of virus shedding and virus 
transmission to animals via bites (reviewed in [16, 21]).

Detection of RABV in sensory neurons of the olfactory 
epithelium and other tissues during late stages of infec-
tion indicates that, at least in these late phases of dis-
ease, the axonal transport is not exclusively retrograde 
(reviewed in [16]). In fact, studies have shown that RABV 
enters the anterograde axonal transport pathway in culti-
vated primary rat dorsal root ganglion (DRG) neurons [6] 
and in mice [71]. However, the consequences of antero-
grade transport of RABV is still controversially discussed, 
even though infection through intradermal sensory neu-
rons represents a likely route of entry for lyssaviruses as a 
result from bat bites [7].

Because of their trans-synaptic spread, RABVs consti-
tute ideal viruses to map neuronal connections [67, 68] as 
even attenuated RABVs enter axonal transport pathways 
[34]. More neuroinvasive yet still lab-adapted strains like 
CVS-11 have been used as polysynaptic neuron tracers 
and the resultant insights have subsequently been used 
to explain in  vivo RABV spread and pathogenesis [62]. 
However, already between different CVS strains, sub-
stantial differences in pathogenicity exist [40], raising 
the question whether knowledge from established lab-
adapted strains can be extrapolated to explain actual field 
RABV infection and pathogenesis.

The advent of efficient full-genome cloning tech-
niques opened novel avenues for the analysis of virus 
variability in combination with phenotypical charac-
terization of recombinant field viruses at a clonal level 
[44]. For example, a recent comparison of field and 
lab RABV clones in mice revealed that field viruses 
not only showed a higher virulence compared to lab 
strains CVS-11, ERA and SAD L16 but also substan-
tially differ from these viruses in their ability to estab-
lish infection in non-neuronal astroglia in the central 
nervous system (CNS) [49]. In contrast to attenuated 
lab-adapted RABV, which is supposed to be elimi-
nated from infected glial cells (astrocytes) by type I 

interferon-induced immune reactions [47], it has been 
hypothesized that rapid onset of field virus gene expres-
sion in non-neuronal astrocytes blocks inhibitory 
innate immune activation and responses [49]. This may 
not only affect RABV replication in glial cells directly 
but also in surrounding neurons via paracrine signal-
ling. Thus, this mechanism may be crucial to RABV 
spread and pathogenesis in vivo. Apart from astrocytes, 
in  vivo infection of non-neuronal muscle, epidermal, 
and epithelial cells have been described [5, 12, 13, 43]. 
In foxes, which had been orally immunized with live-
attenuated RABV, infected cells can be detected in the 
epithelium of lymphoid tonsils [57, 64]. In  vitro, even 
immature dendritic cells (DCs) or monocytes can be 
infected [36]. Overall, knowledge on the broad spec-
trum infection pattern of RABV in vivo, particularly of 
field RABV strains, is still incomplete and the identifi-
cation of PNS and non-neuronal cells involved in RABV 
spread and pathogenesis has been given little attention.

Therefore, by using a highly virulent field RABV clone 
of dog origin (rRABV Dog) [44], we set out to systemat-
ically and comprehensively elucidate the in vivo spread 
and cell tropism of a field RABV strain. So far, techni-
cal limitations in conventional histology to visualize 
infection processes in complex tissues in large three-
dimensional (3D) volumes at a mesoscopic scale and 
high resolution hindered a comprehensive overview 
of RABV cell tropism, in  vivo spread, and pathogen-
esis. Immunofluorescence-compatible tissue clearing 
iDISCO and uDISCO (immunolabeling-enabled and 
ultimate three-dimensional imaging of solvent-cleared 
organs, respectively) protocols [46, 50] recently allowed 
us to perform high-resolutions 3D immunofluorescence 
analyses of thick RABV-infected tissues slices [49, 70].

Here, we investigated the in  vivo spread of a highly 
virulent field RABV clone (rRABV Dog) through the 
CNS and PNS after intramuscular (i.m.) and intrac-
ranial (i.c.) inoculation. Using 3D immunofluores-
cence imaging of solvent-cleared tissues by light sheet 
and confocal laser scanning microscopy, we identified 
RABV infections in hind leg nerves, spinal cord, brain, 
and nerves of the facial region. These data provide a 
broad overview of field RABV distribution in the clini-
cal phase of rabies encephalitis. Notably, we were able 
to identify Schwann cells (SCs) as a so far unrecognized 
non-neuronal RABV target cell population, which may 
be involved in regulating RABV infection and, thus, 
pathogenesis in peripheral nerve tissues. Moreover, 
infection of SCs after centrifugal RABV spread pro-
vides evidence for anterograde axonal transport and 
infectious virus release at distal axon membrane sites of 
peripheral neurons.
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Materials and methods
Viruses
The recombinant field virus clone rRABV Dog [44] was 
derived from an isolate originating from an infected 
dog from Azerbaijan, which was used in a challenge 
study [65]. RABV Bat (FLI virus archive ID N 13240) 
was isolated from an insectivorous North American 
bat.

Animal trials
Six- to eight-week-old BALB/c mice (Charles-River, 
Germany) were i.m.-infected with decreasing doses 
of rRABV Dog. Four groups of six animals each were 
anesthetized with isoflurane and infected with 3 × 100, 
3 × 101, 3 × 102 and  3x103  TCID50/mouse by injection 
of 30 µL of virus suspension in the femoral hind leg 
muscle. Additionally, three mice were i.c.-infected at a 
dose of 1 × 102  TCID50/mouse. Body weight and clini-
cal scores from one to five (1: ruffled fur, hunched back; 
2: slowed movement, circular motions, weight loss 
> 15%; 3: tremors, shaky movement, seizures, weight 
loss > 20%; 4: paralysis, weight loss > 25%; 5: coma/
death) were determined daily until day 21 post-infec-
tion or day of euthanasia. After reaching a clinical score 
of two, the animals were anaesthetized with isoflurane 
and euthanized by decapitation. Samples were taken, 
fixed with 4% paraformaldehyde (PFA) for 1 week, and 
stored for further processing. All remaining animals 
were euthanized at 21 dpi. The animal approaches were 
evaluated by the responsible animal care, use, and eth-
ics committee of the State Office for Agriculture, Food 
Safety, and Fishery in Mecklenburg-Western Pomera-
nia (LALFF M-V) and gained approval with permis-
sion 7221.3-2-047/19. For RABV Bat, archived tissue 
samples (hind legs, spinal columns, and heads) from 
previous virus characterization experiments were used 
(LALFF M-V permission 7221.3-2.1-001/18).

Detection of RABV RNA in oral swabs and salivary glands 
via RT‑PCR
Salivary gland samples were homogenized in 1  ml 
cell culture medium in the UPHO Ultimate Homog-
enizer (Geneye, Hong Kong) using a 3 mm steal bead. 
Oral swab samples were transferred into 1  ml of cul-
ture medium. Total RNA from oropharyngeal swabs 
as well as from salivary gland tissues were extracted 
using the NucleoMagVet kit (Macherey & Nagel, Ger-
many) according to manufacturer’s instructions in a 
KingFisher/BioSprint 96 magnetic particle proces-
sor (Qiagen, Germany). RABV RNA was detected 
by the R14-assay, a RT-qPCR targeting the N-gene 
[27]. The RT-qPCR reaction was prepared using the 

AgPath-ID-One-Step RT-PCR kit (Thermo Fisher Sci-
entific, USA) adjusted to a volume of 12.5 µl [19]. RT-
qPCRs were performed on a BioRad real-time CFX96 
detection system (Bio-Rad, USA).

Antibodies and dyes
To detect RABV in the tissues, a polyclonal rabbit 
serum against recombinant RABV P protein (P160-5; 
1:3000 in PTwH [0.2% Tween 20 in PBS with 10 µg/mL 
heparin]) was used [45]. The following first antibodies 
and dyes were obtained from the respective suppliers: 
chicken anti-NEFM (Thermo Fisher, USA; #PA1-16758, 
RRID:AB_2282551; 1:1000 in PTwH), guinea pig 
anti-NEFM (Synaptic Systems, Germany; #171204, 
RRID:AB_2619872; 1:400 in PTwH), chicken anti-
MBP (Thermo Fisher; #PA1-10008, RRID:AB_1077024; 
1:500 in PTwH), TO-PRO™-3 iodide (Thermo Fisher; 
#T3605; 1:1000 in PTwH.) As secondary antibodies 
donkey anti-rabbit Alexa  Fluor® 568 (Thermo Fisher; 
#A10042, RRID:AB_2534017), donkey anti-chicken 
Alexa  Fluor® 488 (Dianova, Germany; #703-545-155, 
RRID:AB_2340375), donkey anti-guinea pig Alexa  Fluor® 
647 (Dianova; #706-605-148, RRID:AB_10895029) were 
used, each at dilution of 1:500 in PTwH.

iDISCO‑based immunostaining and uDISCO‑based clearing 
of tissue samples
Staining and clearing protocols were adapted from ear-
lier reports [46, 50] and were performed as described 
previously [49, 70]. Hind legs were skinned prior to fixa-
tion. Prior to the slicing, PFA-fixed hard tissues, which 
included hind legs, spinal columns, and heads, were 
decalcified with 20% ethylenediaminetetraacetic acid 
(EDTA) [w/v] in  H2Odd (pH was adjusted to 7.0) for 
4 days at 37 °C. The EDTA solution was exchanged daily. 
Afterwards the decalcified tissues were cut into 1  mm 
thick sections using a scalpel. For brains, as soft tissues, 
a vibratome (VT1200S, Leica Biosystems, Germany) was 
used. After treatment with increasing methanol concen-
trations in distilled water (20%, 40%, 60%, 80%, and twice 
100%) and bleaching with 5%  H2O2 in pure methanol at 
4  °C, the samples were rehydrated with decreasing con-
centrations of methanol in distilled water (80%, 60%, 
40%, and 20%). After washing with PBS and 0.2% Tri-
ton X-100 in PBS, the samples were permeabilized for 
2 days at 37 °C in 0.2% Triton X-100/20% DMSO/0.3 M 
glycine in PBS. After subsequent blocking with 6% don-
key serum/0.2% Triton X-100/10% DMSO in PBS at 
37 °C for another 48 h, primary antibodies in PTwH were 
added for 5 days with refreshment of the antibody solu-
tion after 2.5 days. The samples were washed with PTwH 
four times until the next day, when secondary antibodies 
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in PTwH were added for 5 days with refreshment of the 
antibody solution after 2.5  days. After further washing 
for four times until the next day, the tissues were dehy-
drated in a series of tert-butanol (TBA) solutions (from 
30% to 96% in distilled water), each step for 2 h (except 
for  over night incubation with 80% TBA), final incuba-
tion in 100% TBA and subsequent clearing in BABB-D15 
with 0.4 vol% DL-α-tocopherol until they were optically 
transparent (2–6 h). BABB-D15 is a combination of ben-
zyl alcohol (BA) and benzyl benzoate (BB) at a ratio of 
1:2, which is mixed at a ratio of 15:1 with diphenyl ether 
(DPE). The samples were either analyzed directly by light 
sheet microscopy or were transferred to 3D-printed 
imaging chambers as described before [70].

Light sheet and confocal laser scanning microscopy
For light sheet microscopy, a LaVision UltraMicroscope 
II with an Andor Zyla 5.5 sCMOS Camera, an Olympus 
MVX-10 Zoom Body (magnification range: 0.63–6.3x), 
and an Olympus MVPLAPO 2 × objective (NA = 0.5) 
equipped with a dipping cap was used. Z-stacks were 
acquired with a light sheet NA of 0.156, a light sheet 
width of 100%, and a z-step size of 2 µm. LaVision Bio-
Tec ImSpector Software (v7.0.127.0) was used for image 
acquisition.

Confocal laser scanning microscopy was performed 
with a Leica DMI 6000 TCS SP5 equipped with a HC 
PL APO CS2 40× water immersion objective (NA = 1.1; 
Leica, Germany; #15506360), using the Leica Application 
Suite Advanced Fluorescence software (V. 2.7.3.9723) 
and a z-step size of 0.5 µm.

Image processing
For image processing, a Dell Precision 7920 worksta-
tion was used (CPU: Intel Xeon Gold 5118, GPU: Nvidia 
Quadro P5000, RAM: 128  GB 2666  MHz DDR4, SSD: 
2  TB). Acquired image stacks were processed using the 
ImageJ (v1.52 h) distribution package Fiji [54, 55] or ari-
vis Vision4D (arivis, Germany; v3.2.0). Brightness and 
contrast were adjusted for each channel and, if necessary, 
channels were denoised. Either maximum-z-projections 
or volumetric 3D-projections are shown.

Results
Field virus clone rRABV Dog undergoes the complete RABV 
infection cycle in adult BALB/c mice
Mouse models differ in their age-dependent susceptibil-
ity to fixed RABV lab strains and field isolates [11]. To 
confirm the field virus character of rRABV Dog and its 
suitability for investigation of the complete RABV in vivo 
cycle from infected muscle at the site of entry to secre-
tion in saliva in adult mice, six- to eight-week-old BALB/c 
mice were inoculated by the i.m. route (hind leg muscle) 

with decreasing infectious virus doses. Although mortal-
ity was dose-dependent, even very low doses (30  TCID50/
mouse) of rRABV Dog were sufficient to cause rabies 
disease and release of infectious virus in nearly all inocu-
lated mice, thus, highlighting the high virulence of this 
field virus RABV clone. Comparable to field RABV iso-
lates, even at an extremely low infection dose (3  TCID50/
mouse), the complete in vivo cycle had been undergone 
by animals that succumbed to infection, as shown by 
detection of viral RNA in both salivary glands and in oral 
swabs using RT-qPCR (Table 1; Additional file 1: Fig. S1).

RABV infects peripheral neuron‑associated neuroglia 
in the hind leg after i.m. inoculation
Immunostaining of solvent-cleared hind leg slices of 
diseased animals for RABV phosphoprotein (P), neuro-
filament M (NEFM), and cell nuclei (TO-PRO™-3) was 
performed for light sheet and confocal laser scanning 
microscopy analysis (Fig.  1). RABV infection of periph-
eral nerves innervating the femoral tissue could be dem-
onstrated (Fig. 1a–c, red). Reconstruction of a 3D femoral 
tissue volume allowed visualization of the distribution of 
infected nerve fibres in their spatial environment (Fig. 1b, 
Additional file 2: Video S1). The specificity of the RABV 
immunofluorescence was confirmed by using non-
infected hind leg tissues as negative controls (Additional 
file  1: Fig. S3). At a higher resolution, axons were iden-
tified via staining by the neuronal cytoskeleton marker 
(NEFM) (Fig. 1d, e, green) but, notably, did not co-local-
ize with RABV P (Fig. 1e). As RABV-infected peripheral 
nerves could be visualized in all serial femoral slices ana-
lyzed (Fig. 1f–j), our approach proved to be appropriate 
to reconstruct a 3D model of RABV infection patterns in 
peripheral tissues.

Further confocal laser scanning analysis confirmed 
the lack of co-localization of RABV P with NEFM in 
axons (Fig.  2a, b). Rather, RABV P-specific signals were 
arranged next to or around the tubular NEFM signals 

Table 1 Dose-dependent onset of  clinical rabies signs 
after  i.m. application of rRABV Dog in the upper hind leg 
muscle of 6- to 8-week old BALB/c mice

Salivary gland and oral swabs were virus RNA positive even at low infection 
doses. *One oral swab not tested

Virus dose Euthanized Salivary gland Oral swab
TCID50/mouse (Humane 

endpoint 
reached)

Virus RNA Virus RNA

3000 6/6 6/6 5*/6

300 5/6 5/6 5/6

30 5/6 5/6 5/6

3 2/6 2/6 2/6
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Fig. 1 Overview of field RABV infection in mouse hind leg cross sections after i.m. infection (9 days post-inoculation). a Maximum z-projection 
of light sheet overview of a hind leg cross section [1.6× magnification; z = 1156 µm]. Red: RABV P; blue: nuclei. Green fluorescence for NEFM not 
shown as separation from green autofluorescence was not possible at low resolution. Scale bar: 1500 µm. b 3D projection of (a). c Maximum 
z-projection of detail (white box in a) with infected nerve [12.6× magnification; z = 574 µm]. Scale bar: 200 µm. d Maximum z-projection of 
confocal z-stack of indicated region in (C) [z = 48 µm] of infected nerve with NEFM signal (green). Scale bar: 100 µm. Note: due to the separate 
image acquisition, the orientation of the shown nerve is different to (c). e Maximum z-projection of detail from (d) [z = 10 µm]. Scale bar: 10 µm. 
f–j Maximum z-projections of serial thick hind leg sections from the upper leg (f) to the knee (j) [1.6× magnification, z = 1156 µm (f), 1402 µm (g), 
1172 µm (h), 1990 µm (i), 1372 µm (j)]. For reference, see indicated slices in Additional file 1: Fig. S2A. For improved intelligibility, only RABV P (red) 
and nuclei (blue) are shown. Scale bar: 1500 µm
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(Fig.  2c, d, arrows; Additional file  3: Video S2). Similar 
spatial arrangement patterns were observed after staining 
for the Schwann cell (SC) marker myelin basic protein 
(MBP) (Fig. 2e–k). MBP is known to be part of the mye-
lin sheath of SCs that forms tubular structures around 
the axons (reviewed in [52]) and accordingly, appeared 
as hollow tubules that were surrounded by RABV P 

(Fig. 2g–k, arrowheads; Additional file 4: Video S3). Cor-
roborated by the presence of nuclei in RABV-infected 
cells (Fig. 2k), this suggests that RABV P accumulated in 
the cytoplasm of axon-ensheathing SCs. This provides 
evidence for the infection of and virus gene expression 
in neuroglia of the PNS in the clinical phase of RABV 
encephalitis after i.m. infection.

Infection of Schwann cells after i.c. inoculation strongly 
supports anterograde spread of RABV into the periphery
Late phase infection of myelinating SCs in the PNS of 
i.m.-infected mice could be a result of unspecific virus 
release from abundantly and long-term RABV-infected 
myelinated neurons. To investigate, whether RABV also 
enters the PNS after centrifugal spread from the brain 
and whether this also leads to infection of myelinating 
SCs, femoral tissue from i.c.-infected mice was analyzed.

Detection of RABV antigen in the PNS revealed that 
innervating nerves in femoral tissue can get infected after 
centrifugal spread of the virus from the brain (Fig. 3a–g). 
As observed for i.m. inoculations, RABV P fluorescence 
signals surrounded rather than overlapped with NEFM-
positive axons (Fig. 3d, e). Staining for RABV P, MBP, and 
NEFM (Fig. 3f–k) revealed a three-layered structure with 
RABV P-specific signals surrounding the MBP-sheath of 
axons (Fig.  3h–k, Additional file  5: Video S4). Infection 
of myelinated SCs after i.c. inoculation demonstrated 
that infectious virus was released from peripheral axons, 
infecting the surrounding axon-associated, non-neuronal 
cells.

RABV exhibits a strong, infection route‑independent 
infection of the spinal cord
To assess the degree of infection of the spinal cord by 
field virus clone rRABV Dog after different routes of 
infection, spinal column slices (Additional file  1: Fig. 
S2C) of i.m.- and i.c.-infected mice were systematically 
analyzed. Independent of the inoculation route, multiple 
neurons in the spinal cord and neurons projecting out of 
the same were positive for RABV P (Fig. 4).

Higher magnification image stacks of the spinal 
cord revealed RABV P staining to be primarily local-
ized in the grey matter, surrounded by NEFM-positive 
white matter (Fig. 4c, i, star and triangle, respectively). 
Indeed, white and grey matter (Fig.  4d, j, star and tri-
angle, respectively) revealed multiple NEFM-positive 
axons of which some were infected (Fig. 4e, k). In con-
trast to the peripheral femoral axons, where the RABV 
P staining almost exclusively surrounded the tubular 
NEFM structures (Figs. 2c, d, 3d, e), here, RABV P- and 
NEFM-specific signals perfectly co-localized (Fig.  4e, 
k), suggesting that the axons contained high levels of 
RABV P protein. Peripheral nerves projecting from the 

Fig. 2 Detection of RABV P in non-neuronal Schwann cells of 
hind leg tissue after i.m. inoculation (9 days post-inoculation). a, 
b Maximum z-projection of high-resolution confocal z-stacks of 
RABV-infected nerve fiber (see also Fig. 1d) in hind leg sections 
[z = 45 µm; Scale bar: 100 µm] (a) and detail [z = 15 µm; Scale bar: 
10 µm] (b). Red: RABV P; green: NEFM; blue: cell nuclei. c, d Volumetric 
3D projections of (b) with different viewing angles. The light blue 
box indicates the clipping plane. Arrows: RABV P surrounding 
axonal NEFM. e, f Maximum z-projection of a hind leg section (e) 
[z = 134 µm; Scale bar: 200 µm] and detail (f) [z = 20 µm; Scale bar: 
10 µm] stained for RABV P (red), MBP (green) and nuclei (blue). 
g, h Volumetric 3D projections of different viewing angles of (f). 
Arrowhead: RABV-infected Schwann cell i–k Single slices with RABV 
P (red), MBP (green) and nuclei (blue). Arrowheads indicate myelin 
sheath/nucleus surrounded by RABV P. Scale bar: 5 µm
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spinal cord also revealed double positive axons (Fig. 4f–
h, l–n). However, also RABV P not overlapping with 
NEFM was observed (Fig. 4h, arrow). In some project-
ing axon bundles (Fig. 4l), almost all axons were RABV-
positive as indicated by co-localization of RABV P and 
NEFM (Fig. 4m, n).

Pronounced infection of various tissues and sensory 
neurons of the facial head region
Since centrifugal spread to the salivary glands is consid-
ered an inevitable step in RABV transmission to other 
hosts, the extent of RABV infection in tissues of the facial 
head regions was investigated by imaging of coronal head 
slices (Additional file  1: Fig. S2B). Except for the olfac-
tory bulb, the brain was removed prior to sectioning for 
separate processing. 3D volume reconstruction from 
light sheet microscopy z-stacks demonstrated abundant 
RABV P-specific signals throughout various areas of the 
coronal head slice both after i.c. (Fig.  5a, b; Additional 
file  6: Video S5) and i.m. inoculation (Fig.  6a, b, Addi-
tional file 1: Fig. S4; Additional file 7: Video S6). RABV-
infected cells could be identified in the orbital (Figs. 5c, d, 
6c, d), nasal (Figs. 5e, f, 6e, f ), and oral cavity (Figs. 5g–j, 
6g–j). Morphologies of the infected cells revealed a struc-
ture typical for sensory neurons in the olfactory epithe-
lium and retina (Fig. 5d, f; Additional file 5: Fig. S4), and 
indicated selective infection of neuronal cells in these tis-
sues. Notably, even though abundant route-independent 
infection of the olfactory bulb was detectable, presence of 
fewer RABV-infected cells after i.m. inoculation as com-
pared to the i.c. route demonstrated inoculation route-
dependent kinetics of the centrifugal spread to peripheral 
nerves (Figs. 5a, 6a). 

Similar to the infection of femoral tissues (Figs.  2, 3), 
RABV P was arranged around NEFM-positive axons 
(Figs.  5j, 7a–e), indicating involvement of SCs. Accord-
ingly, RABV was detected at the convex side of the mye-
lin sheaths (Fig. 7g–j, arrowheads; Additional file 8: Video 
S7). This confirmed infection of neuroglia in RABV infec-
tion of peripheral nerves of the facial head region. How-
ever, in single cases RABV P was also present inside the 
myelin sheaths, indicating RABV P accumulation in the 
respective axons (Fig. 7i, j, stars).

Discussion
Using organic solvent-based organ clearing [46, 50] for 
the 3D deep tissue imaging of RABV infections [70], we 
aimed at investigating and systematically analyzing the 
in  vivo cycle and main checkpoints of a highly virulent 
field RABV (rRABV Dog) on its journey through the 
host’s body. To this end, we provide an unprecedented 
comprehensive overview of the local field RABV tissue 
tropism and spread in the late clinical phase of RABV 
encephalitis based on high-volume immunofluores-
cence imaging. By analyzing peripheral tissues after both 
i.m. and i.c. infection, we were not only able to visualize 
RABV infection in PNS and CNS neurons after centrip-
etal and centrifugal spread but also provide clear evi-
dence for the infection of non-neuronal myelinating SCs 
in peripheral nerves of hind legs and facial head regions 

Fig. 3 Anterograde virus spread: RABV in Schwann cells of a hind 
leg nerve after i.c. inoculation. a, b Maximum z-projection of light 
sheet overview (a) and detail (b) of hind leg section after staining for 
RABV P (red), and nuclei (blue). Green fluorescence for NEFM is not 
shown as separation from green autofluorescence was not possible 
at low resolution. a Magnification of 1.6x [z = 1944 µm; Scale bar: 
1500 µm] and b magnification of 12.6x [z = 58 µm; Scale bar: 200 µm]. 
c Maximum z-projection of confocal z-stack [z = 37 µm] of infected 
nerve fiber from (b), now including NEFM staining (green). Scale bar: 
100 µm. d, e Maximum z-projection of details from (c) (see white 
boxes) [z = 5 µm (d, e)]. Scale bar: 10 µm. f, g Maximum z-projection 
of hind leg nerve section stained for RABV P (red), MBP (green) and 
NEFM (blue) [z = 15 µm]. To visualize low amounts of viral antigen, the 
MBP channel is excluded in (g). Scale bar: 50 µm. h 3D projection of 
detail from (f) (see white box). i–k Single planes from detail of (f). The 
arrowhead indicates an RABV-infected cell. Scale bar: 5 µm
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(Figs. 2, 3, 7). SCs constitute a glial cell type in the PNS 
that functionally correlates to myelinating oligodendro-
cytes in the CNS (reviewed in [20]). Another important 
finding is the corroboration of anterograde transport and 
spread of RABV in axons of peripheral nerves by infec-
tion of the SCs after centrifugal spread from the CNS.

Myelinating SCs are peripheral neuroglia, which form 
the myelin sheath around axons of motor and sensory 
neurons and, like oligodendrocytes in the CNS, are 
involved in saltatory conduction and trophic support for 
neurons (reviewed in [52]). In peripheral nerves, RABV 

infection was associated with axon demyelination [14, 38, 
39, 56, 58]. T-lymphocyte-dependent immune pathogen-
esis was identified to be causative for RABV-mediated 
neurotic paralysis, the disintegration of myelin sheaths, 
and the degeneration of axons [66]. Furthermore, there 
has been speculation that involvement of rabies-induced 
neuropathogenesis in peripheral nerves results in the 
typical rabies signs of muscle spasms and deglutition 
[38].

Although there are indications that SCs are some-
how affected by RABV infections [14, 38, 39, 56, 58], 

Fig. 4 Spinal column infection after i.m. and i.c. infection. a, b Maximum z-projections of light sheet overviews of cross sections of the spinal 
column after i.m. (a) and i.c. (b) infection [2.0x magnification; z = 824 µm (a), 1480 µm (b)]. Red: RABV P; blue: nuclei. Green fluorescence for NEFM 
not shown as separation from green autofluorescence was not possible at low resolution. Stars: grey matter, triangles: white matter. Scale bar: 
1500 µm. c Maximum z-projection of detail from (a), including NEFM signals (green). Scale bar: 200 µm. d, e Maximum z-projection of confocal 
z-stacks of infected spinal cord (d) [z = 31 µm; Scale bar: 100 µm] and detail (e) [z = 10 µm; scale bar: 10 µm]. f Maximum z-projection of detail 
from (a) with neurons projecting from the spinal cord. Scale bar: 200 µm. g, h Maximum z-projection of confocal z-stacks (g) [z = 36 µm, Scale bar: 
100 µm] and detail (h) [z = 10 µm; Scale bar: 10 µm] of projecting nerves from the spinal cord. i Maximum z-projection of detail from (b), including 
NEFM signals (green). Scale bar: 200 µm. j, k Maximum z-projection of confocal z-stacks of infected spinal cord (j) [z = 61 µm; Scale bar: 100 µm] and 
detail (k) [z = 20 µm; scale bar: 10 µm]. l Maximum z-projection of detail from (B), including NEFM signals (green). Scale bar: 200 µm. m, n Maximum 
z-projection of confocal z-stacks of projecting nerve (m) [z = 41 µm; Scale bar: 100 µm] and detail (n) [z = 20 µm; scale bar: 10 µm]
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evidence for direct RABV infection of SCs in the PNS is 
lacking. While released RABV particles were detected 
at nodes of Ranvier (known as myelin-sheath gaps 
occurring along a myelinated axon [41]) and between 
axonal and SC plasma membranes [31, 42, 43], only 
once infection of SCs is described [4]. Others failed to 
detect RABV infected SCs (reviewed in [51]). Possible 
explanations for that may be the use of ultrathin sec-
tions in electron microscopy in previous studies that 
run the inherent risk of missing rare events, RABV 
strain-specific differences in accumulation in periph-
eral axons and SCs, and variations in the clinical phase 
of the analyzed animals. Our confirmation that SCs 
can be infected around peripheral nerves and the abil-
ity to visualize it may further support our understand-
ing on the mechanism of Post-exposure prophylaxis 
(PEP) for rabies. In fact, PEP treatment is highly effec-
tive but only when administered in a timely fashion 
[33]. However, the precise location and mechanisms by 
which virus neutralizing antibodies interact with viral 
antigens is not fully understood. Experimental in  vivo 
studies using labelled anti-RABV antibodies followed 
by our imaging approach may elucidate those processes 
that lead to the protective effect of pre-formed and elic-
ited antibodies.

SCs are immunocompetent and exert key functions in 
immune regulation by antigen presentation, pathogen 
detection, and cytokine production [24, 69]. Accord-
ingly, productive or non-productive infection of these 
cells could be critically important to immediate innate 
responses, local inflammatory processes, and the devel-
opment of adaptive immunity. Recently, we demonstrated 
that field RABVs, including the recombinant clone 
rRABV Dog used in this study, are able to infect astroglia 
in the CNS to a remarkable degree comparable to neu-
ron infections. Whereas infection of astrocytes seems 
to be a hallmark of field RABVs, more attenuated lab 
strains are characterized by highly restricted or absent 
infection of astrocytes. Accordingly, establishment of 
astroglia infection by field RABVs was hypothesized to 
limit or block respective immune responses, subsequent 
virus elimination, and delay immune pathology [49]. 

RABV infection of SCs in the PNS, as demonstrated in 
our study (Figs. 2, 3, 7), seems to represent a direct cor-
relate to astroglia infection in the CNS. Comparable to 
the latter, field RABV replication in peripheral neuroglia 
may result in local suppression of glia-mediated innate 
immune responses and, thus, gain the ability to replicate 
in SCs. In contrast, similar to the astroglia infection in 
the brain [47, 49], less virulent RABVs may infect SCs in 
an abortive manner because of a strong type I interferon 
response.

Evasion of innate and intrinsic antiviral pathways have 
been attributed to the RABV nucleoprotein (N), P, and 
matrix (M) proteins [8–10, 37, 63]. As discussed above, 
there is reason to believe that, similar to current hypoth-
eses about the role of neuroglia infection in the CNS, 
virus variants are not or only inefficiently able to estab-
lish infection in peripheral neuroglia. This may induce 
stronger local interferon responses, more severe local 
immune pathogenesis, reduced virus replication, and 
damage of infected neurons. While we could even con-
firm infection of SCs by another, bat-associated field 
RABV (Additional file 1: Fig. S5), analyses with less vir-
ulent lab-adapted strains and live-attenuated vaccine 
viruses have to be subject of further studies to assess 
whether the virulence-dependent difference in glial cell 
infection observed in the brain [49] can be transferred to 
the SC infections in the PNS described in this study.

Virus infection of peripheral SCs in hind legs and facial 
head regions by centrifugal spread after i.c. inoculation 
(Figs. 3, 7) as well as infection of sensory neurons in the 
olfactory epithelium and other tissues (Figs. 5, 6) provide 
evidence for anterograde transport of RABV along axons 
in vivo, something that has been attributed to late phases 
of infection [16]. The long distance from the neuron soma 
in the respective ganglia and the tight spatial association 
of the infected neuroglia with the axons makes it exceed-
ingly unlikely that virus release at cell bodies and extra-
neuronal spread is responsible for distal SC infections.

Both in vitro and in vivo virus tracking already dem-
onstrated that anterograde RABV transport through 
axons of peripheral DRG neurons and other peripheral 
neurons is possible [3, 6, 61]. However, anterograde 

(See figure on next page.)
Fig. 5 Coronal overview of field RABV-infected mouse head sections after i.c. inoculation. a, b Maximum z- (a) and 3D projection (b) of mouse 
head sections after intracranial infection with field RABV [1.26x magnification; z = 1606 µm]. Indirect immunofluorescence staining against RABV P 
(red), NEFM (green), and nuclei (blue). Green fluorescence for NEFM not shown as separation from green autofluorescence was not possible at low 
resolution. Scale bar: 2000 µm. c, e, g, i Maximum z-projections of details from A (white boxes) at a magnification of 12.6x. Scale bar: 200 µm. d, f, h, 
j Confocal high-resolution z-stacks (corresponding to the indicated regions in c, e, g, i, respectively) [z = 35 µm (d), 32 µm (f), 36 µm (h), 40 µm (j); 
scale bar: 50 µm and 15 µm in detail]. Note: due to the separate confocal image acquisition, the orientations differ from the light sheet microscopy 
images in c, e, g, and i. c, d Infected eye, e, f nasal epithelium, g, h tongue, i, j and teeth in mouse head coronal section. k–n Maximum z-projection 
of serial mouse head sections (Additional file 1: Fig. S2B) [1.26x; z = 1780 µm (k), 1820 µm (l), 1606 µm (m), 1760 µm (n); green not shown]. Scale bar: 
2000 µm
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virus spread was discussed to occur only in a passive, 
kinesin-independent manner and the release of infec-
tious virus was called into question [62]. Fast, post-rep-
licative, and glycoprotein (G)-dependent anterograde 
axonal transport of RABV in cultured DRG neurons, 
however, provided evidence for active transport to 
distal axon sites [6]. One reason for the discrepancy 
observed between in  vitro tracking and in  vivo trans-
neuronal tracing approaches could be the role of 

peripheral neuroglia as major innate immune media-
tors in infected nerves as discussed earlier. Since the 
standard neuronal tracer virus CVS-11 is less effec-
tive in infecting astrocytes in the brain [49], a strong 
local antiviral immune response at peripheral sites may 
hinder CVS-11 replication in neuroglia target cells. 
Moreover, anterogradely transported virus particles 
in axons may remain below the limit of detection in 
conventional in  vivo tracing approaches. Accordingly, 

Fig. 6 RABV distribution in head cross sections after i.m. inoculation. a, b Maximum z- (a) and 3D projection (b) of coronal mouse head sections 
after i.m. infection with field RABV rRABV Dog [1.26x magnification; z = 4210 µm]. Indirect immunofluorescence staining against RABV P (red), 
NEFM (green), and nuclei (blue) revealed a markedly reduced degree of infection after i.m. infection in comparison to i.c. infection (see Fig. 5). c, 
e, g, i Maximum z-projections of details from A (white boxes) [12.6x; magnification] (Scale bar: 200 µm). d, f, h, j Confocal high-resolution z-stacks 
(corresponding to c, e, g, i, respectively) [z = 80 µm (d), 26 µm (e), 72 µm (h), 74 µm (j); scale bar: 100 µm] with details (scale bar: 15 µm). c, d 
infected eye, e, f nasal epithelium, g, h tongue, i, j and teeth in mouse head coronal section
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anterograde transport in CVS-11 infection may have 
been overlooked because peripheral neuroglia, which 
were used here as an indicator for anterograde spread 
of the used field RABV, might not or only abortively 
get infected.

Beyond RABV spread in peripheral hind leg nerves 
after i.m. and i.c. infection, a more generalized roadmap 
of RABV infection in the CNS and PNS could be build. 
As for human [32, 59] and numerous animal samples 

(e.g. [28, 29, 35]), abundant RABV-specific signals in 
the spinal cord and brain could be observed (Fig. 4 and 
Additional file 1: Fig. S6). Virus detection in the orbital, 
nasal, and oral cavity confirmed previous reports about 
presence of RABV and related lyssaviruses in a variety 
of other tissues [1, 17, 22, 30], including retinal ganglion 
cells, their axons, and lacrimal glands [15, 25]. Consider-
ing the latter, a potential role of lacrimal glands in virus 
secretion has been discussed [15]. Whereas lacrimal fluid 

Fig. 7 RABV P in axons and infected Schwann cells in coronal head sections. a Maximum z-projection of high-resolution confocal z-stacks of mouse 
head sections after i.c. inoculation and staining for RABV P (red), NEFM (green) and nuclei (blue) [z = 38 µm]. Arrows indicate RABV P surrounding 
NEFM. Scale bar: 100 µm. b–e Maximum z-projections (b, d) and corresponding 3D projections (c, e) of details of (a) (white boxes). f Maximum 
z-projection of confocal z-stacks of mouse head sections after i.c. inoculation stained for RABV P (red), MBP (green) and nuclei (blue) [z = 29 µm]. 
Scale bar: 25 µm. g–i Single slices of (f). Arrowhead: RABV P surrounding MBP-positive myelin sheath. Star: RABV P surrounded by MBP-positive 
myelin sheath. Scale bar: 5 µm. j 3D projection of (g–h)
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may not contribute to the transmission of infectious virus 
to new hosts via saliva, multiple infected sensory neurons 
in the olfactory and tongue epithelia (Figs.  5, 6) with a 
direct connection to the nasopharynx raise the question 
whether virus secretion at these sites could contribute to 
the total amount of infectious virus in the saliva. For bat 
lyssaviruses, for instance, viral antigen was also detected 
in taste buds of experimentally [22] and naturally infected 
animals [53].

Conclusions
By providing a comprehensive and detailed overview 
of RABV distribution in peripheral tissues after natural 
(i.m.) and artificial (i.c.) routes of inoculation, we high-
light novel insights in the cell tropism and in vivo spread 
of field RABV. Importantly, by unveiling the infection of 
peripheral neuroglia, we suggest a model in which field 
RABV infection of immunocompetent SCs is critically 
important for local innate immune responses in periph-
eral nerves. This may not only contribute to the delayed 
immune detection of field RABVs through RABV-medi-
ated innate immune response suppression in field virus 
infected SCs, but may also may explain the high neu-
roinvasive potential of field RABVs when compared with 
less virulent lab virus strains, and manifestation of clini-
cal symptoms observed in infected animals and humans. 
Moreover, by demonstrating infection of myelinating SCs 
after centrifugal spread from infected brains, we pro-
vide evidence for anterograde spread of infectious RABV 
through axons of the peripheral nerve systems in clinical 
phases of rabies encephalitis.
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Additional file 2: Video S1. Field RABV-infected nerve fibers in mouse 
hind leg after i.m. inoculation. 3D volume reconstruction of RABV P distri-
bution in femoral tissue (see Fig. 1c in manuscript). 12.6× magnification; z 
= 574 μm. Red: RABV P; blue: nuclei. 

Additional file 3: Video S2. Detection of RABV P specific signals around 
tubular NEFM signals. Tomogram of high-resolution confocal z-stack of 
RABV-infected nerve fibers. RABV P is not co-localizing with NEFM in axons 
(arrowheads) but surrounds NEFM positive axons and cells nuclei (arrow). 
Z = 50 μm. Red: RABV P; green: NEFM; blue: nuclei. 

Additional file 4: Video S3. RABV P accumulates in the cytomplasm of 
myelinating Schwann cells. Volumetric 3D projection of infected nerves in 
hind leg tissue after i.m. inoculation of field RABV. Staining with Schwann 
cell marker MBP reveals hollow tubules that are surrounded by RABV P. 
Cell nuclei in the RABV P positive cells further supports of RABV infection 
of axon ensheating SCs. Red: RABV P; green: MBP; blue: nuclei. 

Additional file 5: Video S4. Infection of Schwann cells in hind leg nerve 
after i.c. inoculation. Volumetric 3D projection of RABV P distribution in 

femoral tissue. Three-layered structure with RABV P-specific signals around 
axons ensheated by MBP. Red: RABV P; green: MBP; blue: NEFM. 

Additional file 6: Video S5. RABV infection of various sites in mouse head 
cross section. 3D volume projection from light sheet microscopy z-stack of 
field RABV infected mouse head after i.c. inoculation. 1.26× magnification, 
z = 1606 μm. Red: RABV P; blue: nuclei. 

Additional file 7: Video S6. Coronal overview of field RABV-infected 
mouse head section after i.m. inoculation. 3D volume projection from 
light sheet microscopy z-stack. 1.26× magnification, z = 4210 μm. Red: 
RABV P; blue: nuclei. 

Additional file 8: Video S7. Infected Schwann cells in facial head region. 
Tomogram of high-resolution confocal z-stack of RABV-infected nerve 
fibers in mouse head after i.c. inoculation. Detection of RABV P at the 
convex side of the peripheral nerves in mouse head sections (arrowhead). 
Partially, RABV P is also present inside of myelin sheaths, indicating RABV P 
accumulation also in the respective axons (arrow). Z = 16 μm. Red: RABV 
P; green: MBP; blue: nuclei.
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Fig. S1: Kaplan-Meyer survival plot of RABV infection experiment. Comparison of dose-dependent survival of mice 

(six per group) after i.m. inoculation of rRABV Dog (3 to 3,000 TCID50). A control group of three mice i.c.-inoculated with 

100 TCID50 rRABV Dog is shown in orange. 
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Fig. S2: Cutting pattern of cross-sections from peripheral tissues of infected mice. Hind legs (A), heads (B) and spinal 

columns (C) were decalcified and sectioned with a scalpel into several 1-2 mm thick slices.  

  



 

 

 

 

Fig. S3: Non-infected peripheral mouse tissues after indirect immunofluorescence staining against RV-P (red), 

NEFM (green) and nuclei (blue).  Maximum z-projections of light sheet overviews and high-resolution confocal z-stacks 

from hind leg (A,B), spinal column (C,D), head (E,F) and brain (G,H). No RABV antigen was detected. Scale bar: 1,500 

µm (overview), 100 µm (detail). 

  



 

 

Fig. S4: Field RABV infection of optic nerve and retina. (A) Maximum z-projection of coronal mouse head section after 

i.c. inoculation [1.26x magnification, z = 1,760 µm, Scale bar 2,000 µm]. RV-P (red), nuclei (blue). (B) Maximum z-

projection of detail from (A) (see white box) with a magnification of 12.6x. Green: NEFM. Scale bar: 200 µm. (C-E) 

Respective 3D projections of (B). Different viewing angles of the infection of the orbital cavity, including the optic nerve, 

are shown. 



 

Fig. S5: A different, bat-associated field RABV demonstrates a comparable pattern of RABV P in hind leg and head 

nerves, including infected Schwann cells, after i.m. inoculation. (A,B) Maximum z-projection (A) and detail (B) of 

confocal high-resolution z-stacks of hind leg section from an i.m.-infected mice with RABV Bat [z = 55 µm; Scale bar: 

100 µm (A), 15 µm (B)]. Indirect immunofluorescence staining against RABV P (red), MBP (green), and nuclei (blue). 

Individual infected nerve fibers were detected, in which RABV P surrounds the MBP signals. (C,D) Single planes of detail 

view from (B). RABV P was detected around MBP signals (white arrows). Scale bar: 15 µm. (E,F) Maximum z-projection 

of nerve fibers in coronal head sections after i.m. inoculation of RABV Bat [z = 31 µm; Scale bar: 100 µm (A), 15 µm (B)]. 

Indirect immunofluorescence staining against RABV P (red), MBP (green) and nuclei (blue). (G,H) Single planes of detail 

view from (F). RABV P signals were located around MBP structures (white arrowheads). Scale bar: 15 µm.  

 

  



 

Fig. S6: Comparison of field RABV-infected brains after i.m. and i.c. inoculation in clinically diseased mice (10 and 

7 days post-inoculation, respectively. (A,C) Independent of the inoculation route, the brains of i.m.- (A) and i.c. (C)-

infected mice exhibited massive RABV infection throughout multiple areas of the brain, confirming strong CNS replication 

independent of the inoculation route. [2.5x magnification; [z = 1,282 µm (A), 1,384 µm (B)]. RABV P = red, NEFM = 

green, nuclei = blue. Scale bar: 1,500 µm. (B,D) Maximum z-projection of details (white boxes) of A and C with 

magnification of [12.6x;z = 1,130 µm (B), 386 µm (D)]. Scale bar: 200 µm. 
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Summary 28 

The visualization of viral pathogens in infected tissues is an invaluable tool to 29 

understand spatial virus distribution, localization, and cell tropism in vivo. 30 

Commonly, virus-infected tissues are analyzed using conventional 31 

immunohistochemistry in paraffin-embedded thin sections. Here, we demonstrate 32 

the utility of volumetric three-dimensional (3D) immunofluorescence imaging 33 

using tissue optical clearing and light sheet microscopy to investigate host-34 

pathogen interactions of pandemic SARS-CoV-2 in ferrets at a mesoscopic scale. 35 

The superior spatial context of large, intact samples (> 150 mm3) allowed detailed 36 

quantification of interrelated parameters like focus-to-focus distance or SARS-37 

CoV-2-infected area, facilitating an in-depth description of SARS-CoV-2 infection 38 

foci. Accordingly, we could confirm a preferential infection of the ferret upper 39 

respiratory tract by SARS-CoV-2 and emphasize a distinct focal infection pattern 40 

in nasal turbinates. Conclusively, we present a proof-of-concept study for 41 

investigating critically important respiratory pathogens in their spatial tissue 42 

morphology and demonstrate the first specific 3D visualization of SARS-CoV-2 43 

infection. 44 

 45 

keywords: SARS-CoV-2, COVID-19, 3D immunofluorescence, light sheet 46 

microscopy, confocal laser scanning microscopy, tissue optical clearing, host-47 

pathogen interactions, respiratory tract infection 48 
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Introduction 50 

In December 2019, a novel coronavirus (2019-nCoV) associated with viral 51 

pneumonia emerged in Wuhan, Hubei Province, China (Wang et al., 2020; Wu et 52 

al., 2020; Zhou, P. et al., 2020; Zhu et al., 2020). The virus was subsequently 53 

designated as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 54 

(Coronaviridae Study Group of the International Committee on Taxonomy of, 55 

2020) and identified to be the causative agent of COVID-19 (Coronavirus disease 56 

2019). Patients most commonly present with fever, cough, fatigue, and dyspnea 57 

(Chen et al., 2020; Guan et al., 2020; Huang et al., 2020; Zhou, F. et al., 2020). 58 

About one out of five patients develops severe disease (Johansen et al., 2020; 59 

Yang et al., 2020). The outbreak was declared a “public health emergency of 60 

international concern” on January 30, 2020, and a pandemic on March 11, 2020. 61 

As of October 12, 2020, 37,109,851 confirmed cases and 1,070,355 confirmed 62 

death were reported in 235 countries (WHO, 2020). 63 

SARS-CoV-2 is an enveloped virus with a single-stranded RNA genome of 64 

positive polarity and has been classified as a member of the Coronaviridae family, 65 

genus Betacoronavirus (Coronaviridae Study Group of the International 66 

Committee on Taxonomy of, 2020). Including SARS-CoV-2, there are currently 67 

two alpha- and five betacoronaviruses associated with human disease (Cui et al., 68 

2019). While most result in only mild respiratory illness, the three zoonotic 69 

betacoronaviruses SARS-CoV (Drosten et al., 2003), SARS-CoV-2 (Wang et al., 70 

2020; Wu et al., 2020; Zhou, P. et al., 2020; Zhu et al., 2020), and MERS-CoV 71 

(Zaki et al., 2012) (Middle East respiratory syndrome coronavirus) can cause 72 

severe respiratory disease. Bats presumably serve as natural reservoir for both 73 

SARS-CoV (Lau et al., 2005; Li et al., 2005) and MERS-CoV (Corman et al., 74 

2014; Lau et al., 2013; Yang et al., 2014), whereas palm civets (Guan et al., 2003) 75 

and dromedary camels (Haagmans et al., 2014) have been identified as the 76 

intermediate hosts for animal-human transmission for SARS-CoV and MERS-77 

CoV, respectively. Viruses closely related to SARS-CoV-2 have been found in 78 

bats (Zhou, P. et al., 2020) and Malayan pangolins (Lam et al., 2020; Xiao et al., 79 

2020) but no direct transmission event or intermediate host species have been 80 

identified thus far. 81 
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Over the course of the current pandemic, tremendous research efforts have been 82 

undertaken to study the virus and its disease. Consequently, critical information 83 

on the virus, e.g. receptor usage (Hoffmann et al., 2020), and necessary research 84 

tools, including reverse genetics systems (Thi Nhu Thao et al., 2020; Xie et al., 85 

2020), became rapidly available. Furthermore, a variety of animal studies to 86 

investigate susceptibility and suitability as animal models have been conducted 87 

in a number of animal species (Abdel-Moneim and Abdelwhab, 2020): ferrets 88 

(Kim et al., 2020; Schlottau et al., 2020; Shi et al., 2020), hamsters (Chan et al., 89 

2020a; Osterrieder et al., 2020; Sia et al., 2020), cats (Halfmann et al., 2020; Shi 90 

et al., 2020), dogs (Shi et al., 2020), raccoon dogs (Freuling et al., 2020), rabbits 91 

(Mykytyn et al., 2020), transgenic mice (Bao et al., 2020; Sun et al., 2020; Winkler 92 

et al., 2020), pigs (Schlottau et al., 2020; Shi et al., 2020), cattle (Ulrich et al., 93 

2020), monkeys (Munster et al., 2020; Shan et al., 2020; Ziegler et al., 2020), 94 

poultry (Schlottau et al., 2020; Shi et al., 2020; Suarez et al., 2020), and fruit bats 95 

(Schlottau et al., 2020). 96 

Within the respiratory tract, detection of viral antigen and RNA suggested a 97 

preferential replication of SARS-CoV-2 in the upper respiratory tract (URT) of 98 

ferrets (Kim et al., 2020; Schlottau et al., 2020; Shi et al., 2020), whereas viral 99 

antigen was detected in both the URT und lower respiratory tract (LRT) of Syrian 100 

hamsters (Chan et al., 2020a; Sia et al., 2020). In humans and non-human 101 

primates (NHPs), viral antigen detection indicates virus replication in both the 102 

URT and LRT (Martines et al., 2020; Munster et al., 2020; Schaefer et al., 2020). 103 

Thus far, almost all approaches to detect and image SARS-CoV-2 infection in 104 

tissues have been based on conventional immunohistochemistry (IHC) of 105 

paraffin-embedded thin sections. However, by omitting the spatial context, thin 106 

tissue sections of only several micrometers in thickness bear the risk of 107 

incomplete or inaccurate description, particularly for focal infections. Recent 108 

developments in the field of tissue optical clearing (TOC) have facilitated the 109 

preservation of large intact tissue structures by turning them optically transparent. 110 

This eliminates the need of physical sectioning and allows acquisition of intact 111 

three-dimensional (3D) structures using only optical sectioning, e.g. in light sheet 112 

fluorescence microscopy (LSFM) (Matryba et al., 2019). Lately, the opportunities 113 

and advantages of TOC for virus research have been demonstrated in several 114 

studies (Chhatbar et al., 2018; Kieffer et al., 2017; Ladinsky et al., 2019; Potratz 115 
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et al., 2020a; Potratz et al., 2020b; Zaeck et al., 2019). While two approaches to 116 

3D imaging of SARS-CoV-2-infected lung tissue have been described recently 117 

(Eckermann et al., 2020; Li et al., 2020), neither of them is capable of direct 118 

visualization of SARS-CoV-2 infection via virus-specific antigen staining. 119 

In our study, we provide a first complete 3D overview of SARS-CoV-2 infection in 120 

the ferret model. By staining for the viral nucleocapsid protein (SARS-CoV-2 N), 121 

we were able to directly visualize and localize SARS-CoV-2-infected foci within 122 

large volumes of the ferret respiratory tract. Direct visualization further allowed 123 

detailed description of the foci in their spatial context. To the best of our 124 

knowledge, this is the first report of specific 3D reconstruction of SARS-CoV-2 125 

infection as well as the first report of 3D visualization of respiratory virus infection 126 

in nasal turbinates using LSFM. 127 

Results 128 

LSFM provides a unique insight into the spatial distribution of SARS-CoV-129 

2 in intact nasal turbinates. By combining LSFM with optically cleared samples 130 

of the ferret respiratory tract (Figure 1A), we aimed to shed light on the infection 131 

environment and spatial context of SARS-CoV-2 infection. A commercially 132 

available polyclonal serum (designated as #1), which has been used for SARS-133 

CoV-2 detection by conventional IHC (Munster et al., 2020; Schlottau et al., 134 

2020), and a mix of two monoclonal antibodies (designated as #2) against SARS-135 

CoV N were tested on virus-infected VeroE6 cells and confirmed to be cross-136 

reactive with SARS-CoV-2 N (Figure 1B). Following immunostaining, ferret tissue 137 

samples, including the partly ossified nasal conchae, were successfully turned 138 

optically transparent using a recently established ethyl cinnamate (ECi)-based 139 

approach (Klingberg et al., 2017) (Figure 1C) (see Transparent Methods). 140 

Full translucency of ferret nasal turbinates enabled LSFM acquisition of a > 200 141 

mm3 (6.69 gigavoxels per channel; ∑ = 20.07 gigavoxels)-sized tissue sample 142 

(Figure 2A and Movie S1). While there were some unspecific signals detectable 143 

in the SARS-CoV-2 N-stained sample (individual green or magenta spots), they 144 

could be clearly distinguished from specific SARS-CoV-2 detection by the 145 

absence of colocalization (white) of the signals from either antibody (Figure 2B 146 

and Figure S1). Within the about 4-mm-thick URT sample (4 days post-infection), 147 

multiple comparatively small SARS-CoV-2 infection hot spots were visualized 148 
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(Figure 2B). They were detected in both the Concha nasalis dorsalis (Figure 2B, 149 

ROIs [region of interests] 1 & 2) and the Concha nasalis ventralis (Figure 2B, ROI 150 

3). Overall, these data provide the proof of concept for the feasibility of TOC-151 

assisted LSFM analysis for SARS-CoV-2. 152 

SARS-CoV-2 infection in the upper respiratory tract of ferrets is 153 

characterized by an oligofocal infection pattern. To achieve a more in-depth 154 

analysis of the individual SARS-CoV-2 infection foci, LSFM image stacks of 155 

infected areas were acquired using a higher magnification (total magnification of 156 

8x for Figure 3 vs. 1.26x for Figure 2), thus, increasing image resolution while 157 

maintaining the complete spatial context (Figure 3). 158 

Virtually traveling through an image stack of the ROIs 1 & 2 from Figure 2, which 159 

was acquired accordingly, corroborated the presence of three individual, well 160 

delimitable, and distinguishable SARS-CoV-2 infection foci (Figure 3A, images 1 161 

[filled-in arrowhead], 5 [outlined arrowhead], and 7 [arrow]). A volumetric 162 

reconstruction of this image stack was able to convey spatial relationships 163 

between the individual infection spots (Figure 3B-D). Specificity of SARS-CoV-2 164 

N detection was again confirmed by colocalization of both independent antibody 165 

stainings (Figure 3B and C, right side). Consequently, linear distances between 166 

foci and foci areas were quantified (Figure 4 and Table 1). This increased spatial 167 

context within the nasal turbinate sample is further reinforced by the fact that the 168 

SARS-CoV-2 infection focus from Figure 3A7 (arrow) is buried deeper within the 169 

sample and cannot be seen from the frontal angle in Figure 3B. However, either 170 

by virtually clipping the sample as indicated (Figure 3B and C, red square) or 171 

using 3D rendering to virtually “fly through the sample” (Movie S2), the infection 172 

site can be visualized. Taken together, this emphasizes the system’s flexibility to 173 

switch from broad, mesoscopic overviews to detailed, resolved close-ups. By 174 

maintaining the full infection environment, we were able to establish quantifiable 175 

relations between the individual SARS-CoV-2 foci and highlight the oligofocal 176 

infection pattern of SARS-CoV-2 in the URT of ferrets. 177 

CLSM acquisition of correlated regions of interest at subcellular resolution 178 

– infection of ciliated and non-ciliated cells in the nasal epithelium. While 179 

LSFM is ideally suited to generate a mesoscopic overview to analyze, for 180 

example, large-scale spatial virus distribution within virus-infected tissues, 181 
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simultaneous resolution of subcellular details is not possible. Thus, following 182 

LSFM acquisition, we subsectioned the optically cleared high-volume tissue 183 

sample to 1-mm thick slices using a tissue matrix to achieve compatibility with the 184 

limited free working distances of CLSM objectives (Figure 1A). 185 

Using the spatio-morphological information on the distribution of SARS-CoV-2 186 

infection foci obtained from LSFM analysis, high-resolution CLSM image stacks 187 

of a SARS-CoV-2 infection focus in the Concha nasalis dorsalis (ROI 1 from 188 

Figure 2) were acquired (Figure 5). Individual SARS-CoV-2-infected cells could 189 

be resolved, demonstrating cytoplasmic SARS-CoV-2 N distribution in both 190 

ciliated and non-ciliated cells (Figure 5B, arrows). Notably, SARS-CoV-2 N 191 

accumulated particularly at the apical side of the ciliated cells. Overall, these data 192 

demonstrate the feasibility of this correlated approach to dissect cell-specific 193 

responses to SARS-CoV-2 infection in vivo at subcellular resolution. 194 

SARS-CoV-2 detection in the LRT of ferrets. Previous studies demonstrated a 195 

preferential replication of SARS-CoV-2 in the URT of ferrets (Kim et al., 2020; 196 

Schlottau et al., 2020; Shi et al., 2020). To assess whether comprehensive LSFM 197 

analysis may uncover previously undetected SARS-CoV-2 infection foci in the 198 

LRT, we looked at optically cleared high-volume lung and tracheal samples. 199 

As before, some unspecific fluorescence signals could be seen in both lung 200 

(Figure 6) and tracheal tissue (Figure S2 and Movie S3). At a first glance, no 201 

specific SARS-CoV-2 infection foci could be identified. However, hidden within 202 

an airway of the large lung tissue volume, a 172 µm by 102 µm-sized spot of 203 

colocalized antibody signals was detected (Figure 6B and Movie S4). Contrary to 204 

the SARS-CoV-2 infection foci in the ferret nasal turbinates (Figures 2 and 3), the 205 

signal was localized above the epithelial cell layer (Figure 6B, single plane). This 206 

suggested detection of debris-associated antigen, which was mostly likely 207 

inhaled from the URT. Overall, while we were able to detect an 8.6x10-5 mm3 208 

(86,000 µm3) spot of debris-associated antigen within a > 80 mm3 volume, we did 209 

not identify additional sites of infection within the LRT of ferrets, which 210 

corroborates preferential replication of SARS-CoV-2 in the URT of ferrets. 211 
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Discussion 212 

While conventional immunohistochemistry studies have been used to assess the 213 

presence or absence of SARS-CoV-2 antigen in human and animal tissues (Chan 214 

et al., 2020a; Kim et al., 2020; Martines et al., 2020; Munster et al., 2020; 215 

Schaefer et al., 2020; Schlottau et al., 2020; Shi et al., 2020; Sia et al., 2020), 216 

none of them were able to provide a greater spatial context of the infection site. 217 

By combining TOC with LSFM, we acquired large intact volumes of SARS-CoV-218 

2-infected respiratory tissues from ferrets (Figure 1). The direct 3D visualization 219 

of virus infection via SARS-CoV-2 N staining established a comprehensive and 220 

mesoscopic overview of the infection in its full spatial context (Figures 2-6 and 221 

Movies S1-4). Moreover, the determination of morphological parameters, e.g. 222 

focus-to-focus distances or the area of virus-infected tissue, not only allowed the 223 

characterization of individual SARS-CoV-2 infection foci but also provided a first 224 

quantitative insight into virus distribution within the spatio-morphological context 225 

of ferret nasal turbinates (Figure 4 and Table 1). 226 

Here, we employed an ECi-based TOC approach (Klingberg et al., 2017) and 227 

adjusted it to visualize immunostained SARS-CoV-2 infection in large tissue 228 

samples of the respiratory tract of ferrets. While two 3D imaging approaches to 229 

SARS-CoV-2 infection in lung tissue have been reported, they have an entirely 230 

different scope: as both represent virtual histopathology strategies, they are 231 

meant to assess pathophysiology and associated tissue damage, but inherently 232 

cannot map and visualize specific SARS-CoV-2 infection. For the first study, 233 

Eckermann et al. (Eckermann et al., 2020) developed and demonstrated the utility 234 

of a phase contrast x-ray tomography concept to investigate unstained lung 235 

tissue. The second study describes the use of fluorescent H&E-analog stains 236 

(TO-PRO-3 for nuclear contrast and Eosin-Y for cytoplasmic/stromal contrast) to 237 

achieve “3D pseudo-histological imaging” (Li et al., 2020). Consequently, our 238 

study constitutes the first report of direct 3D visualization of SARS-CoV-2 239 

infection via LSFM. While unspecific antibody signals were detected for both the 240 

polyclonal serum and the monoclonal mix directed against N of SARS-CoV, 241 

particularly on the outer surface of the tissue blocks, specificity for SARS-CoV-2 242 

was ensured via colocalization of either staining (Figures 2, 3, 5, and 6) and 243 

absence of colocalization in naïve animals (Figure S1). Further optimization of 244 
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the immunostaining protocol or the availability of SARS-CoV-2-specific 245 

antibodies will likely aid in reduction of background staining and improvement of 246 

virus detection. 247 

In addition to the specific 3D reconstruction of SARS-CoV-2 infection within its 248 

spatio-morphological environment, the implementation of quantitative image 249 

analysis following accurate quantification of interrelated 3D parameters (Figure 4 250 

and Table 1) represents a pronounced advantage of 3D immunofluorescence 251 

imaging over conventional IHC. To achieve a somewhat comparable yet more 252 

artifact-prone 3D reconstruction from thin sections, exceedingly laborious and 253 

time-consuming image registration pipelines following serial thin sectioning are 254 

necessary (Pichat et al., 2018). For instance, the nasal turbinate section from 255 

Figures 2-4 alone would require processing of around 800 sections (at 5 µm 256 

thickness), making it de facto impossible with 2D IHC. 257 

When compared to previous studies (Kim et al., 2020; Schlottau et al., 2020; Shi 258 

et al., 2020), the spatial visualization of SARS-CoV-2 in the ferret respiratory tract 259 

confirmed preferential infection of the URT (Figures 2-4). Furthermore, our data 260 

indicate and emphasize a distinct oligofocal infection pattern of SARS-CoV-2 261 

within nasal turbinates (Figures 2-4). Within a > 200 mm3 section of nasal 262 

turbinate tissue, only four SARS-CoV-2 infection foci (with a combined volume of 263 

5.17x10-3 mm3) were detected, three of which accumulated in the Concha nasalis 264 

dorsalis and exhibited a maximum linear distance of 1.3 mm to each other (Figure 265 

4 and Table 1). It is important to note that tissues inevitably shrink during the 266 

fixation, dehydration, and clearing process. For the EtOH-ECi-based TOC 267 

approach used here, a 50% volume reduction, equaling to a change of about 20% 268 

in tissue diameters, has been determined (Klingberg et al., 2017). The limited 269 

degree of infection is particularly interesting in view of the amounts of infectious 270 

virus and genome copies that can be isolated from the URT of ferrets (Kim et al., 271 

2020; Schlottau et al., 2020; Shi et al., 2020) and other animal species, like Syrian 272 

hamsters (Chan et al., 2020a; Osterrieder et al., 2020; Sia et al., 2020) and 273 

rhesus macaques (Munster et al., 2020; Shan et al., 2020; Ziegler et al., 2020). 274 

Clustering of SARS-CoV-2 infection foci in narrow areas of the URT might also 275 

have implications for the likelihood of isolation of infectious virus and the detection 276 

of viral RNA from nasal swabs in comparison to nasal washes from ferrets and 277 

possibly other animal models. Accordingly, a high degree of variation in viral copy 278 
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numbers can be observed from nose or throat swabs in comparison to 279 

bronchoalveolar lavages from SARS-CoV-2-infected rhesus macaques (Munster 280 

et al., 2020). However, because of the proof-of-principle character of our study 281 

and the limited availability of SARS-CoV-2-infected material, further studies have 282 

to corroborate the clustering and focal infection pattern of SARS-CoV-2 in the 283 

URT. 284 

Alongside complex quantitative 3D image analysis, volumetric imaging has the 285 

potential to discover rare events, as demonstrated by the detection of cancer 286 

metastases in sentinel lymph nodes, which had not been found via conventional 287 

IHC (Merz et al., 2020). While preferential replication of SARS-CoV-2 in the URT 288 

of ferrets has been demonstrated via viral RNA and antigen detection (Kim et al., 289 

2020; Schlottau et al., 2020; Shi et al., 2020), Kim et al. also detected some 290 

SARS-CoV-2-positive cells in the LRT. This is in contrast to the two other ferret 291 

susceptibility studies, which detected either no (Shi et al., 2020) or only low 292 

amounts (Schlottau et al., 2020) of viral RNA in the LRT, but neither found any 293 

SARS-CoV-2 antigen at this location. It is conceivable that scarce LRT infection 294 

had been overlooked in previous 2D IHC studies because of the focal character 295 

of SARS-CoV-2 infection in the tissue or that the detected viral RNA originated 296 

from URT-derived aspirated material. Using this high-volume imaging approach, 297 

we aimed to screen the tissue for rare SARS-CoV-2 infection foci in the LRT. 298 

While we did not detect any infection spots in tracheal tissue (Figure S2), we did 299 

visualize an individual, only 86,000 µm3-sized SARS-CoV-2 N-positive structure 300 

inside a lung airway (Figure 6B). However, spatial analysis revealed that the 301 

signal, contrary to the SARS-CoV-2 infection foci in the nasal turbinate epithelium 302 

(Figures 2 and 3), was detected above the airway epithelial layer. This strongly 303 

suggested that the structure most likely represents aspirated virus-containing 304 

debris as the result of localized cell or tissue damage at infected URT sites. 305 

Accordingly, this example emphasizes the suitability of this volumetric 3D LSFM 306 

approach to identify rare and highly localized pathogen-related events. 307 

Ferrets are a standard model for human respiratory infection (Enkirch and von 308 

Messling, 2015). However, they recapitulate only mild SARS-CoV-2 infection and 309 

do not develop severe respiratory disease (Johansen et al., 2020; Kim et al., 310 

2020; Schlottau et al., 2020; Shi et al., 2020). In contrast, both URT and LRT are 311 

strongly affected by SARS-CoV-2 infection in Syrian hamsters, including overt 312 
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signs of disease (Chan et al., 2020a; Sia et al., 2020). This is closer to human 313 

disease, where SARS-CoV-2 antigen is found in the URT and LRT, as 314 

corroborated by the NHP model rhesus macaques (Munster et al., 2020; Shan et 315 

al., 2020; Ziegler et al., 2020). While this proof-of-principle study is focused on 316 

ferret samples, it may serve as blueprint for further analyses in other animal 317 

models and even human clinical samples. 318 

Independent of sample origin, volumetric imaging of cleared samples enables 319 

discovery and detection of rare infection events, as demonstrated earlier. This 320 

facilitates the investigation of the involvement of other organs outside of the 321 

respiratory tract in SARS-CoV-2 infection. Recently, extrapulmonary 322 

manifestations of COVID-19 became the focus of attention (Gupta et al., 2020). 323 

Accordingly, SARS-CoV-2 antigen has been detected in the CNS of humans and 324 

hACE (human angiotensin-converting enzyme 2)-knockin mice (Matschke et al., 325 

2020; Sun et al., 2020). Infection of the CNS might occur via the olfactory nerve 326 

as viral antigen has been found in the olfactory mucosa of humans and 327 

experimentally infected Syrian hamsters (Cantuti-Castelvetri et al., 2020; De 328 

Melo et al., 2020), including in olfactory sensory neurons (De Melo et al., 2020). 329 

Additionally, viral antigen has been detected in the intestine of ferrets (Kim et al., 330 

2020), hamsters (Chan et al., 2020b; Sia et al., 2020), and rhesus macaques 331 

(Munster et al., 2020). Previous studies with other viral pathogens demonstrated 332 

that volumetric 3D imaging using TOC and LSFM is a highly valuable tool to 333 

assess the comprehensive distribution of virus infection in vivo (Potratz et al., 334 

2020a; Potratz et al., 2020b). Additional immunostaining against tissue-specific 335 

cell markers may further facilitate the investigation of the global SARS-CoV-2 cell 336 

tropism in affected tissues. Combining and correlating this with high-resolution 337 

CLSM analysis of SARS-CoV-2 hot spots identified via LSFM has the potential to 338 

dissect subcellular infection processes of SARS-CoV-2 in vivo with unparalleled 339 

detail. These results form the basis for research on larger sample sizes of both 340 

respiratory and non-respiratory tissues from SARS-CoV-2 animal models and 341 

human clinical samples using volumetric 3D LSFM of immunostained and cleared 342 

tissues. 343 

Overall, we demonstrate the proof of concept for the utility of volumetric 3D 344 

immunofluorescence of critically important respiratory pathogens like SARS-345 

CoV-2 using TOC and LSFM. The ability to analyze interrelated morphological 346 
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parameters, like inter-foci distances and SARS-CoV-2-affected areas, and to put 347 

them into global perspective to the spatial tissue morphology provides 348 

unprecedented insight into SARS-CoV-2 infection in the respiratory tract of 349 

ferrets. In the future, this approach will be a crucial tool to understand the 350 

mesoscopic scale of host-pathogen interactions of SARS-CoV-2 but also other 351 

respiratory and non-respiratory pathogens, including, for example, influenza A 352 

and henipaviruses. 353 

Limitations of the Study 354 

Due to the limited availability of organ samples from SARS-CoV-2-infected 355 

animals at the time of the study, it was only possible to provide a proof of concept 356 

for the 3D investigation of SARS-CoV-2 in its intact spatio-morphological context. 357 

Moreover, while ferrets are susceptible for SARS-CoV-2, they do not develop 358 

severe respiratory disease. Our volumetric 3D imaging approach may act as a 359 

blueprint for future studies with respiratory and non-respiratory tissues from 360 

human clinical samples as well as animal models, which more closely resemble 361 

the range of COVID-19 in humans. 362 
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Figures Legends 645 

 646 

Figure 1: Workflow for correlative LSFM-CLSM of SARS-CoV-2-infected 647 

ferret tissues. (A) Nasal conchae and lungs tissue from SARS-CoV-2-infected 648 

ferrets were collected, trimmed, and immunostained against SARS-CoV-2 N 649 

protein. Fully dehydrated and optically transparent samples were acquired in toto 650 

with a light sheet microscope and subsequently subsectioned to 1 mm-thick 651 

sections for correlative confocal laser-scanning microscopy. (B) Representative 652 

immunostaining for SARS-CoV-2 N in infected VeroE6 cells using a commercially 653 

available polyclonal anti-SARS-CoV N serum (#1, green) and a monoclonal anti-654 

SARS-CoV N mix (#2, magenta) confirms antibody specificity. Blue: 655 

Hoechst33342. Scale bars = 15 µm. (C) Representative ferret respiratory tract 656 

samples before (left) and after (right) immunostaining and ECi-based optical 657 

clearing (see Transparent Methods). The photographs from the lung sections 658 

(bottom) show two independent samples. Edge length of grid square: 1 mm. 659 
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 660 

Figure 2: LSFM is able to visualize SARS-CoV-2 infection in nasal turbinates 661 

within a high spatial context. (A) The tissue structure of the nasal conchae (> 662 

200 mm3; 4 days post-infection) was reconstructed using tissue autofluorescence 663 

(cyan) and is depicted as volumetric projection from three viewing angles. 664 

Anatomical terms of location are provided for orientation. Edge length of grid 665 

squares = 2 mm. Total magnification = 1.26x. (B) Maximum intensity projections 666 

of the regions of interest (1-3) highlighted in (A). SARS-CoV-2 infection is 667 

characterized by colocalization of both SARS-CoV-2 N stainings (#1, green; #2, 668 
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magenta) and results in white coloring (inset). Four distinct SARS-CoV-2 infection 669 

foci are highlighted (filled-in arrowhead [A1], outlined arrowhead [A5], arrow [A7], 670 

and asterisk). Foci will hereafter be referred to via their respective indicator or 671 

designation in square brackets. Ranges of the MIPs in the z-dimension are 672 

provided above the respective image. MIP = maximum intensity projection. Scale 673 

bar = 1 mm. 674 

 675 
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 676 

Figure 3: 3D detail views highlight oligofocal SARS-CoV-2 infection pattern 677 

in nasal turbinates at 4 days post-infection. (A) Tomographic representation 678 

of three individual SARS-CoV-2 foci (filled-in arrowhead [A1], outlined arrowhead 679 

[A5], and arrow [A7]) from ROIs 1 & 2 in Figure 2 along a length of 1,658 µm. The 680 

relative distance to plane #1 is indicated in the bottom left corner. Cyan = 681 

autofluorescence; green = SARS-CoV-2 N #1; magenta = SARS-CoV-2 N #2. 682 

Scale bar = 400 µm. Total magnification = 8x. (B,C) Volumetric projections of the 683 

detail view from two angles. Clipping at the indicated plane (red) reveals the third 684 
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SARS-CoV-2 foci (C, arrow), which is hidden behind nasal turbinate tissue in (B). 685 

Single channel views further emphasize the colocalizing pattern of both SARS-686 

CoV-2 N stainings (#1, green; #2, magenta). Cyan/grayscale = autofluorescence 687 

(AF). (D) Close-ups of the three individual infection foci. The angle of the 688 

respective image is indicated in the bottom left corner. 689 

 690 

 691 

Figure 4: Virtual segmentation of SARS-CoV-2 infection foci at 4 days post-692 

infection. (A) xz-view of the magnified nasal turbinate view from Figure 3, clipped 693 

at the indicated plane (red square). Segmented SARS-CoV-2 infection foci (A1: 694 

yellow, A5: red; A7: light blue) are visible through the autofluorescence 695 

reconstruction of the tissue morphology (cyan). Once they are uncovered by the 696 

clipping plane, they are highlighted with their respective indicator. (B) Detail and 697 

alternate viewing angle of segmented infection foci. A slightly darker sphere 698 
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represents the respective foci center. The direct linear distances between the 699 

centers of each foci (from Table 1) are highlighted. 700 

 701 

 702 

Figure 5: High-resolution CLSM analysis of SARS-CoV-2 infection foci in 703 

the concha nasalis dorsalis of a SARS-CoV-2-infected ferret at 4 days-post 704 

infection. (A) 3D maximum intensity projection (MIP) of a SARS-CoV-2 infection 705 

focus from ROI 1 in Figure 2. The image stack was acquired with a 40x/1.1 water 706 

immersion objective. Cyan = autofluorescence; green = SARS-CoV-2 N #1; 707 

magenta = SARS-CoV-2 N #2. Edge length of grid square = 40 µm. (B) MIPs 708 

from ROIs 1 and 2 in (A). Individual cells can be analyzed at subcellular 709 

resolution, highlighting infection of ciliated and non-ciliated cells (arrows). Scale 710 

bar = 100 µm (overview) and 5 µm (detail). 711 
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 712 

Figure 6: Only debris-associated SARS-CoV-2 antigen was detectable in 713 

ferret lung tissue at 4 days post-infection. (A) Volumetric projection of a large 714 

lung tissue section. While some background staining is detectable for the 715 

monoclonal antibody mix (#2, magenta), no signal overlap with the polyclonal 716 

antibody (#1, green) is visible. Cyan/grayscale = autofluorescence. Edge length 717 

of grid squares = 800 µm. Total magnification = 1.6x. (B) Alternate viewing angles 718 
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reveal a spot inside an airway where both signals colocalize (white box in (A)). 719 

Contrary to the SARS-CoV-2-associated foci in Figures 2 and 3, the overlapping 720 

signal is detected lying on top the epithelial layer, suggesting that it is most likely 721 

cell debris inhaled from the URT. 722 

Tables 723 

Table 1: Direct linear distances between, areas affected by, and volume of 724 

segmented SARS-CoV-2 infection foci. Linear distances were calculated either 725 

as the distance between the center of two foci or as the shortest possible distance 726 

between the edges of two foci. The area affected by SARS-CoV-2 infection was 727 

measured by calculating the surface area of segmented objects and dividing the 728 

resultant value by two, thus, only accounting for the surface facing outwards. 729 

linear distance [µm] A1 A5 A7 

from the 

center 

A1 0 777.4 1303.3 

A5 777.4 0 554.3 

A7 1303.3 554.3 0 

from the 

edge 

A1 0 421.1 997.5 

A5 421.1 0 75.5 

A7 997.5 75.5 0 

area [µm2] 90,212 75,389 181,431 

volume [µm3] 465,818 443,207 1,533,316 

 730 

Supplemental Movie Titles and Legends 731 

Movie S1: Volumetric 3D projection of an LSFM-acquired, > 200 mm3-sized 732 

nasal turbinate section from a SARS-CoV-2-infected ferret. The tissue 733 

morphology was reconstructed using non-specific tissue autofluorescence 734 

(cyan). Edge length of grid squares = 2 mm. Total magnification = 1.26x. 735 

Movie S2: Fly-through animation of individual SARS-CoV-2 infection foci in 736 

ferret nasal turbinates at 4 days post-infection. The three distinct SARS-CoV-737 

2 infection foci from Figures 3 and 4 are highlighted at timestamps (mm:ss) 00:09 738 

[A1], 00:14 [A5], and 00:25 [A7]. Cyan = autofluorescence; green = SARS-CoV-739 
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2 N #1; magenta = SARS-CoV-2 N #2. Edge length of grid squares = 300 µm. 740 

Total magnification = 8x. 741 

Movie S3: 360° rotation of a trachea section from a SARS-CoV-2-infected 742 

ferret at 4 days post-infection. No SARS-CoV-2-associated infection spots 743 

were detected. Cyan = autofluorescence; green = SARS-CoV-2 N #1; magenta 744 

= SARS-CoV-2 N #2. Edge length of grid squares = 800 µm. Total magnification 745 

= 2x. 746 

Movie S4: Fly-through animation of likely debris-associated SARS-CoV-2 747 

infection in ferret lung tissue. The colocalization of either SARS-CoV-2 N 748 

antibody signal (#1, green; #2, magenta) inside a lung airway can be observed at 749 

timestamp (mm:ss) 00:16. Cyan = autofluorescence. Edge length of grid squares 750 

= 200 µm. Total magnification = 6.4x. 751 
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 752 

Figure S1: No SARS-CoV-2 colocalization of antibody signals is observable in 753 
tissue from mock-infected control animals. Volumetric projections of nasal turbinate 754 
(A), lung (B), and trachea (C) tissue from mock-infected control animals. No 755 
colocalization of the polyclonal serum (#1, green) and the monoclonal mix (#2, magenta) 756 
can be detected. Cyan/grayscale = autofluorescence. Edge length of grid squares = 757 
1,000 µm. Total magnification = 1.6x (A and B), 2x (C). 758 
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 759 

Figure S2: No SARS-CoV-2 infection foci were detected in ferret tracheal tissue at 760 
4 days post-infection. Volumetric projection of a large ferret trachea section. Only 761 
unspecific background staining is detectable for the polyclonal serum (#1, green) and 762 
the monoclonal antibody mix (#2, magenta). No signal overlap of both antibody signals 763 
was observable. Cyan/grayscale = autofluorescence. Edge length of grid squares = 800 764 
µm. Total magnification = 2x.  765 
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Table S1: List of reagents and antibodies used for immunostaining and optical 766 
clearing of tissue from SARS-CoV-2-infected ferrets. 767 

reagent source PO number additional 
information 

DMSO Carl Roth 4720 dimethyl sulfoxide 

ethanol Carl Roth 9065 dehydrating agent 

ethyl cinnamate Alfa Aesar A12906 clearing agent 

Formical-2000™  Statlab 1314 decalcifier 

glycine Carl Roth 3908 autofluorescence 
quencher 

heparin sodium salt Carl Roth 7692 reduction of 
background 

hydrogen peroxide Carl Roth 8070 bleaching agent 

n-hexane Alfa Aesar 43263 delipidating agent 

normal donkey serum Bio-Rad C06SBZ blocking agent 

Triton X-100 Carl Roth 3051 detergent 

Tween-20 AppliChem A4974 detergent 

antibody source PO number additional 
information 

Alexa Fluor 488-labelled donkey 
anti-rabbit secondary antibody 

Invitrogen Cat#A-21206; 
RRID:AB_2535792

dilution: 1:500 

Alexa Fluor 568-labelled donkey 
anti-mouse secondary antibody 

Invitrogen Cat#A10037; 
RRID:AB_2534013

dilution: 1:500 

Alexa Fluor 568-labelled donkey 
anti-rabbit secondary antibody 

Invitrogen Cat# A10042; 
RRID:AB_2534017

dilution: 1:500 

Alexa Fluor 647-labelled donkey 
anti-mouse secondary antibody 

Invitrogen Cat# A-31571; 
RRID:AB_162542

dilution: 1:500 

mouse anti-SARS nucleocapsid 
antibody monoclonal (clone: 
4F3C4) 

Sven Reiche 
(FLI, 
Germany)

RRID:AB_2833162 Bussmann et al., 
2006; dilution 1:5 

mouse anti-SARS nucleocapsid 
monoclonal antibody (clone: 
4E10A3A1) 

Sven Reiche 
(FLI, 
Germany)

RRID:AB_2833160 Bussmann et al., 
2006; dilution 1:5 

rabbit anti-SARS 
nucleocapsid polyclonal antibody 

Novus 
Biologicals

Cat#NB100-56576; 
RRID:AB_838838

dilution: 1:250 

  768 
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Transparent Methods 769 

Cells and viruses 770 

VeroE6 cells (Cercopithecus aethiops; CCLV-RIE 0929, Collection of Cell Lines in Veterinary 771 
Medicine [CCLV], Friedrich-Loeffler-Institut, Germany) were maintained in Minimum Essential 772 
Medium with Hanks’ and Earle’s salts (1:1) (Sigma-Aldrich, USA, and Gibco, USA, respectively) 773 
supplemented with 10% fetal bovine serum (Biowest, France) and non-essential amino acids 774 
(PAN-Biotech, Germany) in a humidified CO2 incubator (37 °C, 5% CO2). 775 

SARS-CoV-2 isolate 2019_nCoV Muc-IMB-1 (kindly provided by Roman Wölfel, German Armed 776 
Forces Institute of Microbiology, Germany) was propagated on VeroE6 cells. The complete 777 
sequence is available through GISAID under the accession number ID_EPI_ISL_406862 and 778 
name “hCoV-19/Germany/BavPat1/2020”. 779 

Antibodies and reagents 780 

For the detection of SARS-CoV-2 infection, a 1:1 mixture of hybridoma cell culture supernatants 781 
of anti-SARS-CoV-1 N mouse monoclonal antibody clones 4E10A3A1 (RRID:AB_2833160) and 782 
4F3C4 (RRID:AB_2833162) (Bussmann et al., 2006) at a dilution of 1:5 or a polyclonal rabbit anti-783 
SARS-CoV-1 N (RRID:AB_838838; Novus Biologicals, USA) at a dilution of 1:250 were used. 784 
Alexa Fluor™ 488/568/647-conjugated antibodies against mouse IgG and rabbit IgG were used 785 
as secondary antibodies (1:500; Invitrogen, USA). 786 

A detailed list of reagents used for the immunostaining and optical clearing of SARS-CoV-2-787 
infected tissue samples is provided in Table S1. 788 

Virus infection and immunofluorescence staining of mammalian cell cultures 789 

5 × 105 VeroE6 cells were seeded on coverslips one day prior to infection with 1 × 106 TCID50 of 790 
SARS-CoV-2 isolate 2019_nCoV Muc-IMB-1. Infected VeroE6 cells were then fixed 24 h post-791 
infection with 4% paraformaldehyde (PFA) for 20 min. Following permeabilization with 0.5% Triton 792 
X-100/PBS for 15 min, cells were blocked with 10% normal donkey serum in 0.1% Tween-20/PBS 793 
(PBS-T) for 30 min. Primary antibodies against SARS-CoV N were applied for 1 h at room 794 
temperature in 1% normal donkey serum/PBS-T, followed by three washes with PBS and 795 
incubation with the secondary antibody for 1 h at room temperature in 1% normal donkey 796 
serum/PBS-T. Nuclei were counterstained with Hoechst33342 (Invitrogen) and samples were 797 
embedded in ProLong™ Glass AntiFade Mountant (Invitrogen) for analysis by confocal laser-798 
scanning microscopy. 799 

Tissue samples of SARS-CoV-2-infected ferrets 800 

In a previous study on experimental transmission of SARS-CoV-2 among different animal 801 
species, ferrets were inoculated intranasally with 105 TCID50 of SARS-CoV-2 isolate 2019_nCoV 802 
Muc-IMB-1 (Schlottau et al., 2020). Tissues were collected in 10% neutral-buffered formalin and 803 
fixed for at least 21 days to ensure complete virus inactivation. In this study, nasal conchae, 804 
trachea, and lung tissue samples from infected ferrets euthanized on day 4 post-infection were 805 
analyzed. 806 

Immunofluorescence staining of high-volume tissue sections 807 

Large sections of respiratory tissues (≥ 150 mm3) were immunostained according to a modified 808 
iDISCO protocol (Renier et al., 2014; Zaeck et al., 2019). All incubation steps were conducted 809 
with slight agitation and, if not indicated otherwise, at room temperature. 810 

To this end, formaldehyde-fixed tissues were washed three times for at least 1 h each in PBS. 811 
Nasal conchae were furthermore decalcified for 4-7 days in Formical-2000™ (Statlab, USA). 812 
Samples were trimmed to the sizes and volumes described above, and bleached overnight in 5% 813 
H2O2 in PBS at 4 °C. For permeabilization, the tissue samples were first incubated twice for 3 h 814 
each with 0.2%Triton X-100/PBS at 37 °C and subsequently in 0.2% Triton X-100/20% DMSO/0.3 815 
M glycine/PBS for 2 days at 37 °C. Following a blocking step with 6% normal donkey serum/0.2% 816 
Triton X-100/10% DMSO/PBS for 2 days at 37 °C, primary antibodies were diluted in 3% normal 817 
donkey serum/5% DMSO in PTwH (0.2% Tween-20 in PBS with 10 µg/mL heparin) and applied 818 
for 4 days at 37 °C. Unbound antibody was removed by washing the samples 4-5 times over the 819 
course of a day, leaving the final wash on overnight. Secondary antibodies were diluted in 3% 820 
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normal donkey serum/PTwH and the samples were incubated for another 4 days at 37 °C. 821 
Washing was performed as described for the primary antibody. 822 

Ethyl cinnamate (ECi)-based tissue optical clearing 823 

Immunostained tissue sections were cleared with an adjusted ECi-based protocol (Klingberg et 824 
al., 2017). All incubation steps were conducted with slight agitation. 825 

The samples were dehydrated in a graded ethanol series (30% [v/v], 50%, 70%, and twice in 826 
100%; each for ≥ 8 h at 4 °C, diluted in aqua ad iniectabilia, and pH-adjusted to 9). Following a 827 
two-hour wash with n-hexane at room temperature (Amich et al., 2020), n-hexane was gradually 828 
replaced with the clearing agent ECi and samples were incubated until optically transparent. 829 

Light sheet microscopy of optically clear tissue samples 830 

Light sheet micrographs of optically clear and immunostained respiratory tissues from SARS-831 
CoV-2-infected ferrets were acquired with a LaVision BioTec Ultramicroscope II (LaVision, 832 
Germany). The microscope was equipped with an Olympus MVX-10 zoom body (magnification 833 
range: 0.63x – 6.3x, total magnification: 1.26x – 12.6x; Olympus, Japan), an Olympus MVPLAPO 834 
2x objective (NA = 0.5), a LaVision laser module with four laser lines (488 nm, 561 nm, 639 nm, 835 
and 785 nm), and a Andor Zyla 5.5 sCMOS Camera (Andor Technology, UK) with a pixel size of 836 
6.5 µm2. To visualize tissue morphology, non-specific autofluorescence was excited with the 488 837 
nm laser. Excitation lines 561 nm and 639 nm were used to excite Alexa Fluor™ 568 and Alexa 838 
Fluor™ 647, respectively. Channels of a high-volume 3D image were acquired sequentially with 839 
a z-step size of 2 µm, a light sheet width of 100%, and a light sheet thickness of 3.89 µm (NA = 840 
0.156). Acquisition was done with ImSpector (v7.0.124.0). 841 

Confocal laser-scanning microscopy (CLSM) 842 

Confocal images were acquired with a Leica DMI6000 TCS SP5 confocal laser-scanning 843 
microscope (Leica Microsystems, Germany) equipped with a 63x/1.40 oil immersion HCX PL 844 
APO objective and a 40x/1.10 water immersion HC PL APO objective. Fluorescence was 845 
recorded sequentially between lines with a pinhole diameter of 1 Airy unit and z-step sizes of 0.35 846 
µm. Acquisition was done with LAS AF (v2.7.3.9723). 847 

For high-resolution confocal laser-scanning analysis of cleared and immunostained tissue 848 
samples, they were sectioned into 1-mm-thick slices using a stainless steel tissue matrix (World 849 
Precision Instruments, UK). Tissue slices were then mounted in 3D-printed imaging containers 850 
as described before (Zaeck et al., 2019). Tissue morphology was reconstructed from non-specific 851 
tissue autofluorescence via excitation with a 405 nm UV laser diode. 852 

Image processing and analysis 853 

Image visualization and analysis were performed with arivis Vision4D (v3.2). If necessary, 854 
channels were background corrected. CLSM-acquired image stacks of subsectioned volumetric 855 
tissue samples were denoised. To quantify relations between SARS-CoV-2 infection foci, they 856 
were segmented. The shortest distances between foci were measured using the segment 857 
operation “Distances”. To calculate the area of SARS-CoV-2-infected tissue, surface areas of the 858 
segmented objects were extracted and divided by two to account only for the surface of the object 859 
facing outwards. Lookup tables of multicolor images were selected for maximum accessibility. 860 
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5. Results and discussion 

Microbiology and light microscopy are invariably linked to each other, as light 

microscopy provides an indispensable toolkit to investigate pathogens interacting 

with their hosts. This thesis aimed at optimizing, extending, and finally applying 

advanced light microscopy techniques to elucidate host-pathogen interactions 

such as immune evasion and pathogenesis in vitro (publication I [147]) and 

in vivo (publications II-V [149-152]). Using RABV and newly-emerged 

SARS-CoV-2 as infection models for the nervous system and respiratory tract, 

this work particularly aimed at generating a blueprint for the mesoscopic 3D 

LSFM analysis of viruses in their spatio-morphological context. 

5.1 Live-cell imaging analyses emphasize the transient character of 

natural killer cell infection by Coxiella burnetii and its 

subsequent release by degranulation 

Cell-mediated immunity via B and T cells is critical for protection against 

C. burnetii infection [192-194, 321, 322]. While NK cell deficiency leads to 

enhanced histopathology during C. burnetii infection [194], their functional role 

remains elusive. For Chlamydia, another obligate intracellular bacterium, NK cells 

have been shown to play an important role in host defense against infection [323]. 

It has recently been demonstrated that NK cell infection by Chlamydia results in 

functional maturation, which impairs intracellular bacterial growth [196]. The 

bacteria are subsequently released in an inactivated, highly immunogenic form in 

secretory granules and elicit a potent Th1 immune response [196]. However, the 

intracellular compartments that Chlamydia and Coxiella establish for intracellular 

replication fundamentally differ from each other in terms of vesicular biogenesis 

and physiological properties [324]. As part of this thesis, LCI was employed to 

investigate the functional relationship between C. burnetii and NK cells. The aim 

was to provide detailed spatio-temporal information on their dynamic interaction, 

in support of a wide variety of “static” analyses, including immunoblotting, flow 

cytometry, and electron microscopy (publication I [147]). 

NK cells are innate immune lymphocytes that possess both effector and 

regulatory functions [325]. They play an important role in the defense against 

intracellular pathogens and tumor formation [326]. Effector functions are triggered 

by a set of activating and inhibitory NK cell receptors, which recognize for 
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example the downregulation of MHC (major histocompatibility complex) class I 

molecules or the upregulation of stress-induced NKG2D ligands on the target cell 

surface [325-327]. Activation can also be mediated by pattern recognition 

receptors (PRRs) such as toll-like receptors (TLRs) and nucleotide-binding and 

oligomerization domain-like (NOD-like) receptors (NLRs) [328-333]. NK cell 

activation results in the targeted exocytosis of secretory lysosomes containing 

highly cytotoxic and bactericidal proteins such as granzymes and perforin [327, 

334, 335]. Immunoregulatory functions include the secretion of cytokines and 

chemokines, particularly of IFN-γ [336, 337]. 

Although a flow cytometry-based assay performed by the first author of the 

study (Svea Matthiesen, SM) demonstrated that C. burnetii can infect NK cells 

via clathrin-mediated endocytosis, intracellular growth of C. burnetii was impaired 

and no typical Coxiella-containing PV was established (publication I [147]). 

Using long-term LCI and reporter-expressing bacteria, we visualized the 

subsequent release of C. burnetii in secretory lysosomes. The time frame of 

C. burnetii degranulation was determined to be between 24 to 48 hours post-

infection. CLSM live-acquisition of C. burnetii-infected NK cells at a high temporal 

resolution (35 z-stacks of entire cells per minute) pinpointed the duration of the 

expulsion process to about 15 minutes. SM was able to show that NK cells 

simultaneously underwent functional maturation, as indicated by the 

phosphoactivation of protein kinase C-θ (PKC-θ) and the secretion of effector 

molecules and cytokines such as granzyme B and IFN-γ, respectively. PKC-θ is 

an important effector protein in signal transduction pathways of immune cells and 

is critically involved in NK cell activation and degranulation [338-340]. NK cell 

activation may be the result of TLR2/NOD2-dependent recognition of 

C. burnetii [341]. Coincidently, both of these PRRs have been implicated to be 

important for the recognition of pathogen-associated molecular patterns (PAMPs) 

by NK cells [342]. As the infection experiments in this study were performed with 

phase II Coxiella, which, in comparison to their phase I counterpart, have a 

truncated LPS (lipopolysaccharide) [165, 343], access of TLRs to exposed 

surface ligands may stimulate immune cell activation [187, 344]. Full-length LPS 

has been suggested to shield C. burnetii from complement-mediated killing and 

innate immune recognition by human DCs [187, 344, 345]. Future experiments 
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need to further investigate whether uptake and degranulation of phase I Coxiella 

also results in a functional activation of NK cells. 

SM found that NK cell-released C. burnetii retained most of its infectivity 

(publication I [147]). This is in direct contrast to Chlamydia, which are expulsed 

by NK cells in a non-infectious, highly immunogenic form [196]. As indicated, 

Chlamydia and Coxiella feature fundamentally differential interactions with the 

endo- and exocytic pathways [324]. Whereas chlamydial inclusions avoid 

interaction with the endolysosomal pathway and have a neutral pH of about 7 

[346], C. burnetii is highly adapted to its physiological niche in phagolysosome-

like PVs [177-179]. In fact, neutralization of the acidic pH impairs intracellular 

replication and effector protein translocation of C. burnetii [324, 347]. Moreover, 

SM demonstrated that the presence of an acidic environment and hydrolytic 

granzyme B in NK cell granules does not adversely affect growth and infectivity 

of C. burnetii (publication I [147]), while they are highly detrimental to Chlamydia 

[348-350] and many other bacterial species [181, 334, 335]. The exact 

mechanism how Coxiella resists acidic pH and proteolytic degradation is still not 

fully understood [178]. While it has been demonstrated that neither pathogen 

metabolism nor full-length LPS are required [177, 191], it has been suggested 

that peptidoglycan-associated, protease-resistant proteins may provide 

protection from lysosomal degradation [178, 351]. Moreover, it has recently been 

demonstrated that C. burnetii actively manipulates endolysosomal maturation 

and acidification during host cell infection via its type IV secretion system [352]. 

In conclusion, the study demonstrated that C. burnetii not only infects NK cells 

but also escapes their cellular self-defense mechanisms, and is released in 

secretory lysosomes by degranulation. Using LCI of NK cells infected with 

reporter-expressing C. burnetii, we could precisely track this dynamic expulsion 

process of Coxiella in living target cells. Remarkably, NK cell-released Coxiella 

retained most of its infectivity. At the same time, C. burnetii-infected NK cells 

prevented intracellular growth of the bacteria, displayed functional maturation, 

and secreted cytokines and effector molecules. 
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5.2 Tissue optical clearing and volumetric 3D imaging unveil the 

cell tropism of pathogenic rabies virus in the central and 

peripheral nervous system 

In the past, the in vivo cell tropism of RABV had often been described to be 

almost exclusively neurotropic [221, 224, 353, 354]. Trans-synaptic spread of the 

virus was thought to be strictly unidirectional (retrograde axonal transport), which 

facilitated its use as a transneuronal tracer for neuroscience applications [353-

355]. However, it has also been suggested that RABV may be amplified locally in 

striated muscle cells at the site of infection before entering the PNS [216, 217]. 

Similarly, extraneural and extracranial dissemination of RABV following disease 

manifestation and centrifugal spread underlines the wide spectrum of affected 

cell types, at least in late phases of disease [227-231]. In accordance, both 

neuronal and non-neuronal cells can be experimentally infected in vitro [233, 234, 

356], including immune cells such as DCs and monocytes [357]. The wide range 

of susceptible host cells is corroborated by the fact that while several entry 

receptors have been reported, none of them is essential [236-240]. 

Little is known about the contribution of non-neuronal cell types in the CNS 

and PNS to pathogenic field RABV infection in vivo. This is in large part due to 

the fact that RABV pathogenesis studies in the past often relied on limited clinical 

samples or experimental infections with lab-attenuated virus strains [232, 235, 

358-369]. Analysis was usually done with (ultra-)thin section-based imaging 

approaches such as conventional 2D IHC and TEM. Due to the low analytical 

volume of thin sections, neither of the two methodologies is able to provide an 

impression of the greater spatial context and inherently lacks quantifiability 

outside of the 2D plane of the x- and y-axes. Whereas a variety of modern omics 

approaches provides highly complex quantitative datasets [370-372], they are in 

turn incapable of establishing a link to the physiological structure and spatio-

morphological context of a respective organ. Because of the lack of suitable 

imaging tools to comprehensively and quantitatively investigate the mesoscopic 

scale of virus infection inside the intact spatial environment of target tissues, a 

3D imaging pipeline was developed as a fundamental foundation for this thesis 

(publication II [152]). To this end, two organic OCA-based TOC protocols [104, 

107] were adapted and optimized to devise an immunofluorescence-compatible 

workflow for high-volume brain tissue samples from RABV-infected animals. 
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The approach incorporated several key features (publication II [152]): 

(i) Proof of concept for the feasibility and sensitivity of co-

immunostaining of virus antigen and host cell markers to identify 

virus-infected cellular subpopulations across 1-mm-thick 

transparent brain sections. 

(ii) Preservation of the intact spatial environment and complex cell 

morphologies via non-destructive optical sectioning. 

(iii) Subcellular resolution of individual RABV-infected cells in the CNS 

using a standard confocal microscope and a long free working 

distance (FWD) objective. 

(iv) Implementation of a first simple strategy for downstream image 

processing, 3D reconstruction, and analysis. 

The preservation of cellular integrity, particularly of complex projecting cell 

entities such as neurons and astrocytes, is indispensable for an accurate 

quantitative analysis in a 3D volume. Thus, this TOC-based pipeline constitutes 

the ideal prerequisite for a reliable quantification of virus infection in high-volume 

brain samples. While CLSM lacks behind the volumetric acquisition speed of 

LSFM and the penetration depth of 2PLSM (see sections 1.1.1 and 1.1, 

respectively), confocal microscopes are in comparison much more accessible 

and available. Long FWD objectives combined with optically clear organ samples 

can easily transform a standard confocal microscope into a viable deep tissue 

imaging option. In order to facilitate the acquisition of high-volume 3D confocal z-

stacks without the need for dedicated solvent-resistant objectives, low-cost 3D-

printable imaging chambers made from solvent-resistant materials were 

designed (publication II [152]). Over the course of this thesis, this workflow was 

constantly developed further and refined concerning both the TOC approach and 

the microscopy strategy. It formed the basis for all subsequent volumetric 3D 

imaging studies presented here (publications III-V [149-151]). 

Accordingly, the non-neuronal cell tropism of pathogenic field RABV in 

comparison to lab-attenuated viruses in vivo was investigated (publication III 

[151]) using the established 3D imaging pipeline (publication II [152]). This is 
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particularly interesting, as it has recently been demonstrated that a Cre-

expressing lab-attenuated vaccine virus only abortively infects astrocytes, a non-

neuronal cell subpopulation in the CNS [235]. While elimination of lab-attenuated 

RABVs has been linked to type I interferon induction via RIG-I/MDA5 (retinoic 

acid-inducible gene I/melanoma differentiation-associated protein 5) signaling in 

ex vivo astrocyte cultures [356], information on astrocyte infection of pathogenic 

field RABV in vivo is scarce. 

There are fundamental differences in terms of pathogenicity and disease 

progression between pathogenic field and lab-attenuated RABV. Whereas most 

lab-attenuated viruses exhibit only limited up to no pathogenicity after natural or 

artificial inoculation (intramuscularly [i.m.] and intracranially [i.c.], respectively) 

[359, 360], pathogenic field RABV cause lethal rabies disease even after low-

dose i.m. infection [373]. In comparison to lab-attenuated virus variants, field 

RABV actively mitigates host immunity to remain undetected and causes no or 

only delayed induction of innate and adaptive immune responses [241, 374-376]. 

To that effect, pathogenic field RABV demonstrates low-level replication [377, 

378], reduced inflammation and tissue damage [377-381], non-activation of key 

effector functions of the innate and adaptive immune system [356, 360, 374, 382, 

383], and a failure to permeabilize the blood-brain barrier (BBB) after the onset 

of RABV infection [384-386]. Impaired induction of host immunity early in field 

RABV infection in combination with failure to open the BBB later on may critically 

contribute to lethal rabies progression [387, 388]. 

The application and improvement of a reverse genetics workflow to generate 

full-length virus cDNA clones [373] allowed successful rescue of different 

recombinant pathogenic field and lab-attenuated RABVs for comparative analysis 

of their comprehensive in vivo cell tropism in the CNS (publication III [151]). 

Consistent with previous reports [233, 234, 356], it was demonstrated that all 

RABVs readily infected both neurons and astrocytes in mixed in vitro primary 

brain cell cultures. No concrete difference between pathogenic and lab-

attenuated RABV was observable. However, 3D CLSM analysis of thick, cleared 

brain sections of i.m.-infected mice performed by the study’s first author MP 

revealed a striking contrast in astrocyte infection in vivo: whereas pathogenic field 

RABVs were detected in both neurons and astrocytes at comparable levels, no 

virus was observed in the astrocytes of mice infected with lab-attenuated RABVs 
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(publication III [151]). Simultaneously, MP demonstrated that neuron infection 

by lab-attenuated viruses after i.m. inoculation was unaffected. This underlined 

that astrocyte infection by pathogenic RABV had thus far been underestimated 

and furthermore confirmed that lab-attenuated RABV either do not or only 

abortively infect astrocytes in the CNS. This phenotype was corroborated by 

infections via the artificial i.c. route: all field RABVs exhibited neuron-like levels 

of astrocyte infection after i.c. inoculation. However, while the recombinant 

attenuated vaccine virus SAD (Street Alabama Dufferin) L16 [389] and a related 

vaccine virus strain ERA (Evelyn Rokitnicki Abelseth) [390] were still not able to 

establish astrocyte infection, MP demonstrated route-dependent infection for 

rCVS-11 (recombinant challenge virus standard-11) (publication III [151]). 

Contrary to other lab-attenuated viruses, rCVS-11 still possesses some residual 

pathogenicity as it is still able to cause lethal rabies disease after i.m. inoculation, 

albeit only in a fraction of animals and only with high infectious doses 

(publication III [151] and [391]). It is feasible that, by bypassing the PNS, direct 

i.c. inoculation results in a high degree of uncontrolled virus dissemination in the 

cranium. In contrast to i.m. infection, this may cause a more disordered infection 

pattern and facilitate direct infection of astrocytes by rCVS-11. Indeed, general 

capability of astrocyte infection by lab-attenuated viruses in vitro has been 

demonstrated as outlined earlier. Furthermore, a slightly dated pathology report 

of various viruses, including CVS, highlighted an earlier activation of astrocytes 

after i.c. inoculation than after peripheral infection [392]. 

Astrocytes are star-shaped non-neuronal neuroglia. They are the most 

abundant cell type in the CNS [393, 394] and exert a variety of important 

functions, including the trophic support of neurons, maintenance of CNS 

homeostasis, regulation of the BBB, and immunomodulation [394-397]. 

Moreover, astrocytes have been demonstrated to be one of the main producers 

of type I IFN in the CNS during virus infection [235, 245, 246]. This is particularly 

important, as peripherally-produced type I IFN does not efficiently cross the 

BBB [398]. As abortive infection of astrocytes by lab-attenuated viruses has been 

demonstrated in vivo [235] and was mechanistically linked to type I IFN induction 

in in vitro-cultured astrocytes [356], abundant detection of astrocyte infection in 

field RABV infection may be the result of a more potent innate immune evasion. 

Interference with type I IFN induction and signaling is mainly elicited by the three 
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RABV proteins N [399-401], P [358, 402-411], and M [411-413]. The involved 

mechanisms have been linked to an increase in virus spread [401], 

neuroinvasiveness [414-416], and pathogenicity [369, 414-416]. However, the 

majority of them have been identified and characterized in a lab-attenuated virus 

background, whereas their importance or even necessity for pathogenic field 

RABV is only inferred. Accordingly, increasing the IFN sensitivity of lab-

attenuated viruses has been demonstrated to result in apathogenicity even after 

i.c. inoculation [358, 369], while pathogenic field RABVs retain up to 100% of their 

lethality via the natural intramuscular inoculation route [411]. Generally, host 

inability to mount an effective innate immune response (e.g., mice lacking the 

type I IFN receptor) exacerbates RABV infection [417]. As immunostaining of 

RABV P was used as surrogate for virus infection, both general virus presence 

as well as the gene expression of a major IFN antagonist of RABV was detected, 

as outlined earlier. It is therefore tempting to hypothesize that the increased 

pathogenicity of field RABV is the consequence of a differential innate immune 

induction by field and lab-attenuated RABVs in astrocytes. Because IFNs employ 

both auto- and paracrine modes of action [418], efficient inhibition of type I IFN 

induction and signaling by pathogenic field RABV may further influence priming 

and induction of innate immune responses in neighboring cells, as a wide variety 

of resident CNS cells is able to respond to type I IFN, including neurons [419]. 

Further experiments need to identify the mechanism of field RABV conferring the 

ability to establish infection in astrocytes in vivo and characterize how subversion 

of innate immune reactions might be involved. 

Astrocytes contribute to the maintenance and functional integrity of the BBB 

[394-396]. Contrary to pathogenic field RABVs [384-386], infection with lab-

attenuated viruses disrupts the BBB, which has been reported to be required for 

virus clearance from the CNS via influx of host immune cells and virus-

neutralizing antibodies [360, 382, 387, 388]. As described earlier, the BBB also 

prevents efficient crossing of peripherally-produced type I IFN [419]. 

Experimental infection of in vitro-cultured astrocytes demonstrated expression of 

inflammatory cytokines, which increase BBB permeability only after lab-

attenuated, but not after field RABV infection. Combining this with the present 

study (publication III [151]), non-abortive infection of astrocytes and inhibition of 

innate immune induction by pathogenic field RABV may be the underlying 
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mechanism preventing BBB permeabilization and ultimately causing lethal rabies 

disease. 

The comprehensive quantification of astrocytes as a relevant target cell 

population for pathogenic field RABV had not been possible with conventional 

IHC of thin sections. Particularly for complex 3D cell morphologies such as the 

star-shaped astrocytes or axon-projecting neurons, a large spatial context is 

crucial. While the 3D CLSM approach of 1-mm-thick, optically clear brain sections 

employed here cannot match the volumetric imaging capacity of LSFM, it made 

up for it in resolution: high-resolution 3D immunofluorescence imaging via CLSM 

allowed accurate determination of virus antigen/cell marker co-positivity, which 

formed the foundation for robust object segmentation and reliable quantitative 

image analysis. The large spatial context inherently reduces sample bias and 

statistical error, thus increasing data confidence. Consequently, route-dependent 

astrocyte infection by rCVS-11 was demonstrated (publication III [151]), which 

had previously been overlooked in thin sections [361]. 

In conclusion, the 3D immunofluorescence imaging pipeline developed in 

publication II [152] was employed to assess the differential infection of non-

neuronal cell subpopulations in the CNS by pathogenic and lab-attenuated RABV 

in vivo (publication III [151]). Establishment of astrocyte infection after i.m. 

inoculation was functionally restricted to field RABVs and may be the result of a 

more potent virus-driven innate immune evasion. Route-dependent infection of 

astrocytes only after i.c. inoculation was emphasized for rCVS-11, a lab-

attenuated virus strain with residual pathogenicity. Efficient astrocyte infection 

may be a decisive factor in RABV pathogenesis and lethal disease progression. 

Further studies now have to elucidate the underlying mechanism mediating non-

abortive astrocyte infection by pathogenic field RABV. 

Before RABV reaches the CNS in natural infection, it first has to travel along 

axons of the PNS. Having demonstrated that astrocyte infection by pathogenic 

field RABV might play a crucial role in disease manifestation, we hypothesized 

that it is highly likely that other non-neuronal cell subpopulations may be involved, 

which had previously been overlooked with conventional imaging methods. To 

this end, the comprehensive cell tropism of a pathogenic field RABV in the PNS 

was investigated using a combinatory approach of volumetric 3D LSFM and 

CLSM (publication IV [150]). 
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As age-dependent susceptibility to RABV infection has been demonstrated 

[420], it was first investigated whether the field virus clone rRABV Dog undergoes 

the full in vivo infection cycle from the peripheral inoculation site to secretion via 

salivary glands in adult BALB/c mice. MP demonstrated that the field virus was 

able to cause lethal rabies disease after i.m. inoculation even at extremely low 

doses. Viral RNA was detected in salivary glands and oral swabs by RT-qPCR 

(reverse transcription-quantitative polymerase chain reaction). 

In solvent-cleared hind leg and head sections, MP demonstrated field RABV 

infection of axon-associated peripheral neuroglia (Schwann cells; SCs) during the 

clinical phase of rabies after i.m. inoculation (publication IV [150]). Expectedly, 

RABV antigen was abundantly detected in the CNS, including the brain and spinal 

cord neurons. Pronounced infection of tissues and sensory neurons in distal facial 

regions, including in the orbital, nasal, and oral cavity, emphasized efficient 

centrifugal spread of pathogenic field RABV following onset of disease. Detection 

of SC infection in a hind leg nerve after i.c. inoculation strongly corroborated 

anterograde axonal transport of RABV (publication IV [150]). 

SCs are the principal neuroglia of the peripheral nervous system [421]. They 

are critical to peripheral nerve function by insulating axons with myelin sheaths, 

an essential component for rapid impulse propagation by saltatory conduction 

[422, 423]. Additionally, they take part in a wide variety of functions, including the 

maintenance of neuronal homeostasis, nerve regeneration, providing trophic 

support, and immunomodulation [421-424]. Concerning the latter, SCs act as 

sentinel cells in the PNS by recognizing exogenous and endogenous PAMPs via 

a range of PRRs [423, 425]. Subsequently, they shape local immune responses 

via secretion of proinflammatory cytokines [421, 423] and expression of MHC 

class molecules to interact with immune cells [426-429]. Interference with SC-

mediated immune induction might therefore be an important factor for sustained 

and unimpaired trans-synaptic spread of RABV and thus disease development. 

Indeed, the immunomodulatory properties of SCs have been demonstrated to 

determine the pathogenic phenotype and the extent of Mycobacterium leprae 

infection (tuberculoid vs. lepromatous leprosy) [421, 430-432]. While RABV 

infection has generally been associated with axon demyelination and axonal 

degeneration [362-368], SCs were not considered directly susceptible to 

lyssavirus infection prior to this study [433]. Direct infection of SCs or related 
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immunopathogenesis may be the responsible trigger for axon degeneration or 

demyelination. In other studies, integrity of the myelin sheath has been 

associated with a loss and/or disorder of MBP (myelin basic protein) structure 

[434-438], which was employed as a surrogate marker for Schwann cells in this 

study (publication IV [150]). While no apparent structural damages to the myelin 

sheath were observed, it has to be noted that the study’s intention did not focus 

on RABV-mediated demyelination and thus cannot provide conclusive remarks 

to this. The role of demyelination in pathogenic field RABV pathogenesis needs 

to be the focus of future in-depth investigation. 

In this study, a comprehensive roadmap to field RABV infection in the CNS 

and PNS was constructed (publication IV [150]). While abundant neuron 

infection in the brain and spinal cord was unsurprising, as it has been profusely 

demonstrated and is considered a hallmark of the RABV in vivo infection cycle 

[212, 361, 368, 439, 440], this study highlights the extent to which centrifugal 

spread affects the nerves of different facial regions. This is in support of previous 

reports [229, 231, 441-443]. Conclusively, this work provides a spatio-

morphological context to post-disease cranial distribution of pathogenic field 

RABV in vivo. In accordance with this, the infection of sensory neurons and 

tissues in the nasal, ocular, and oral cavity was emphasized. Abundant virus 

detection in body cavities directly connected to the oral cavity might contribute to 

overall virus secretion and thus the total amount of bite-transmissible virus. 

As emphasized earlier for the field RABV-specific establishment of infection in 

astrocytes (publication III [151]), potent type I IFN antagonism may be equally 

decisive for SC infection in vivo since type I IFN seems to be responsible for the 

abortive infection of astrocytes by lab-attenuated viruses [235, 356]. For other 

neurotropic viruses, differential type I IFN signaling in axons and cell bodies of 

neurons has been reported [444]. An inflammatory milieu at axonal entry sites 

may impede virus uptake and propagation. Due to their immunomodulatory role, 

it is feasible that SCs might contribute to this milieu and thus impair trans-synaptic 

spread of RABV to the CNS. Therefore, it is conceivable that pathogenic field 

RABV more strongly antagonizes innate immune responses, allowing non-

abortive neuroglia infection. Future experiments with lab-attenuated or vaccine 

strains should evaluate this and elucidate the functional role of peripheral 

neuroglia infection in RABV pathogenesis. 
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Beyond that, i.c. inoculation of pathogenic field RABV and subsequent 

detection of infected SCs in a hind leg nerve by MP highlighted anterograde 

axonal spread of pathogenic RABV (publication IV [150]). As extraneural spread 

of RABV, particularly over long distances, is extremely improbable, SC infection 

is likely the result of RABV release at distal axon sites of peripheral neurons. 

Whereas anterograde transport had been demonstrated both in vitro [141, 218, 

225] and in vivo [226] in the past, absence of anterograde spread in transneuronal 

viral tracers has often been used as an argument for exclusive retrograde 

transport of RABV [224]. However, viral tracers are usually generated from a lab-

attenuated virus background [353-355], possibly limiting the efficiency or speed 

of their trans-synaptic spread in vivo due to strong innate immune responses, as 

discussed earlier for central and peripheral neuroglia infection by pathogenic field 

RABV. 

As before, evaluation of the non-neuronal cell tropism of pathogenic RABV in 

the CNS and PNS had not been possible without the TOC-based 3D 

immunofluorescence pipeline developed and improved as part of this thesis. In 

this study (publication IV [150]), the previous approach was modified by 

combining the volumetric imaging capabilities of LSFM with high-resolution 

CLSM. To maintain tissue integrity as much possible, staining, clearing, and 

analysis of the PNS was performed in situ as mixed tissues, meaning that soft 

and hard tissues were not separated from each other (e.g., for the spinal column 

or hind legs). 3D CLSM analysis with subcellular resolution enabled precise 

assertion of antigen co-positivity of mesoscopically-identified regions of 

interest (ROIs). Thus, this approach allowed the screening of large volumes of 

tissue specifically for rare events in the context of their spatio-morphological 

environment. Accordingly, SCs were identified as a target cell population for 

pathogenic field RABV, which seems to have been overlooked thus far in ultrathin 

section-based TEM approaches. 

In conclusion, this study (publication IV [150]) provides an unprecedented 

overview of the distribution and tropism of pathogenic field RABV in the late 

clinical phase of rabies in the CNS and PNS. Future studies now have to 

investigate whether productive SC infection is exclusive to field RABV and what 

the functional consequence of peripheral neuroglia infection for RABV 

pathogenesis and disease development is (Figure 7). 
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Figure 7. Neuroglia as a potential immunomodulator and regulator for the establishment 
of lethal rabies disease. The optimized workflow for volumetric 3D imaging of RABV-infected 
tissues developed as an integral part of this thesis enabled identification of productive neuroglia 
infection by pathogenic field RABV in both the CNS and PNS in vivo. In direct contrast, lab-
attenuated RABV is cleared from CNS-resident astrocytes via cytokine induction [235, 356]. This 
supports a model, in which the establishment of pathogenic field RABV infection in neuroglia 
delays or prevents their immunomodulatory function, thereby contributing significantly to lethal 
progression of RABV infection. Created with BioRender.com. 

Other important glial cell types in the CNS are oligodendrocytes and microglia. 

In terms of axon myelination, oligodendrocytes are the CNS counterpart to 

peripheral SCs [445]. Occasional oligodendrocyte infection has been detected in 

human rabies cases [439, 446, 447] and using monosynaptic viral RABV tracers 

in mice [448, 449]. However, no functional data on oligodendrocyte infection by 

RABV or their role in RABV pathogenesis is currently available. For microglia, 

which are CNS-resident mononuclear phagocytes [450], in vitro infection by 

RABV has been demonstrated [234, 451]. While activation of microglia and 

associated neuroinflammation during RABV infection in vivo has also been 

shown [411, 451-453], RABV antigen-positive microglia have been linked to their 

phagocytic activity rather than direct virus infection [454]. Additionally, microglia 

have been shown to contribute to type I IFN production during RABV 
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infection [235]. For herpes simplex virus type 1 (HSV-1), another highly 

neurotropic virus [455], glial-mediated immunity, e.g. via microglial cytokine 

production [456], is an important part of the antiviral defense [457]. 

Overall, even though RABV has been described to be strictly neurotropic in 

the past [221, 224, 353, 354], these studies (publications II-IV [150-152]) 

highlight that pathogenic field RABV non-abortively infects astrocytes and SCs 

in vivo, as demonstrated by volumetric 3D immunofluorescence imaging. It is 

tempting to speculate that neuroglia infection is not an accidental spillover event 

but rather a targeted immune regulation mechanism by pathogenic RABV to 

facilitate trans-synaptic spread and disease manifestation. This suggests a 

crucial role of neuroglia-mediated immunity in control of and disease 

development by RABV (Figure 7). 

5.3 3D reconstruction of SARS-CoV-2 infection in ferrets 

emphasizes focal infection pattern in the upper respiratory tract 

In December 2019, SARS-CoV-2, a novel coronavirus, which can cause fatal 

respiratory disease, emerged in Wuhan, Hubei Province, China [248-251]. As 

introduced, a variety of animals has been tested for susceptibility (see 

section 1.2.3). There is a high need for tools to investigate host-pathogen 

interaction in the spatio-morphological context of its natural target tissue 

environment. However, thus far almost all approaches to directly visualize 

SARS-CoV-2 infection have been based on 2D IHC [291-294, 296, 305, 319, 

320], inherently lacking the ability to provide a greater spatial context of the 

infection site. For the previous studies, either 3D CLSM (publications II and III 

[151, 152]) or a combinatory 3D approach of LSFM and CLSM (publication IV 

[150]) to analyze 1-mm-thick sections of optically clear tissue samples was 

established and applied. In this study, volumetric 3D LSFM of large sections of 

solvent-cleared respiratory tissues (≥ 150 mm3) was employed to reconstruct the 

spatio-morphological context of SARS-CoV-2 infection in the ferret model 

(publication V [149]). 

This approach provided a unique insight into the spatial distribution of 

SARS-CoV-2 infection in the respiratory tract of ferrets (publication V [149]). 

Within a > 200 mm3 (~20 gigavoxels)-sized section of the nasal conchae, several 

SARS-CoV-2 infection foci were identified in both the concha nasalis dorsalis and 

the concha nasalis ventralis. Via virtual segmentation of the well delimitable 
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infection foci, spatial relations such as focus-to-focus distances and 

SARS-CoV-2-infected areas were accurately quantified. Similar to the previous 

study on peripheral neuroglia infection (see publication IV [150] and section 5.2), 

the volumetric acquisition power of LSFM was combined with the subcellular 

resolution of CLSM. To allow acquisition of correlated ROIs with FWD-limited 

CLSM objectives, solvent-cleared high-volume tissue samples had to be sub-

sectioned to 1-mm thickness. Subsequently, individual SARS-CoV-2-infected 

cells were resolved, highlighting a cytoplasmic SARS-CoV-2 N distribution in both 

ciliated and non-ciliated cells of the ferret URT. While no SARS-CoV-2-related 

antigen was detected in tracheal tissue, a single 86,000 μm3-sized SARS-CoV-2 

antigen-positive spot was discovered in an airway of the ferret lung. 

In contrast to the previous studies (see publications II-IV [150-152] and 

section 5.2), tissue transparency was achieved with ethyl cinnamate (ECi) [105], 

a different organic OCA. Marked advantages of ECi-based clearing include the 

non-toxic nature of the solvent and the associated ease of use, while maintaining 

excellent and rapid clearing capabilities. Optical sectioning of fully transparent 

respiratory tract samples from ferrets via LSFM then allowed for direct 3D 

visualization of SARS-CoV-2 infection within its intact spatio-morphological 

context. Two other 3D imaging approaches to SARS-CoV-2 in lung tissue have 

been reported: (i) phase contrast x-ray tomography of unstained tissue [458] and 

(ii) 3D pseudo-histological imaging using fluorescent H&E-analog stains [459]. 

However, both aim to assess the pathophysiology of SARS-CoV-2 infection in 

COVID-19 patients and are inherently unable to map and visualize specific 

SARS-CoV-2 infection. Thus, this study provides the first complete 3D overview 

of SARS-CoV-2 infection within its spatio-morphological context. 

Remarkably, only four distinct SARS-CoV-2 infection foci (cumulative volume 

of 5.17x10-3 mm3) were detected in a > 200 mm3 section of ferret nasal turbinate 

tissue, emphasizing a distinct oligofocal infection pattern of SARS-CoV-2 in the 

URT (Figure 8) (publication V [149]). Three of those foci clustered in close 

proximity to each other in the concha nasalis dorsalis (maximum linear distance 

between two foci = 1.3 mm). This limited degree of infection is particularly 

interesting considering the amount of infectious virus and genome copies that 

can be isolated from the URT of ferrets [291-293] and other animal species such 

as Syrian hamsters [294-296] and rhesus macaques [305, 306, 308]. Additionally, 
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clustering of SARS-CoV-2 infection foci in nasal turbinates might have general 

implications for the sampling sensitivity of the URT of ferrets and other animal 

models via nasal swabs in comparison to nasal washes. In line with this, viral 

copy numbers of SARS-CoV-2 have been shown to fluctuate in nose and throat 

swabs versus bronchoalveolar lavages from infected rhesus macaques [305]. 

 
Figure 8. Comparison of SARS-CoV-2 infection in humans versus the ferret model. While 
ferrets are a standard model for human respiratory infection, they do not recapitulate severe 
COVID-19 progression. Both URT and LRT are affected by SARS-CoV-2 infection in humans, 
whereas the virus is mostly located in the URT of ferrets. Either no or only very limited amounts 
of viral RNA and antigen are detected in the LRT [291-293]. Preferential infection of the URT in 
ferrets was confirmed as part of this thesis by volumetric 3D LSFM imaging. Furthermore, an 
oligofocal infection pattern of SARS-CoV-2 in the ferret URT was identified. URT, upper 
respiratory tract; LRT, lower respiratory tract; ARDS, acute respiratory distress syndrome. 
Created with BioRender.com. 

The implementation of virtual 3D object segmentation enabled investigation of 

quantifiable relations between SARS-CoV-2 infection foci such as the linear inter-

foci distance and the area of infected tissue per focus. This provided a first insight 

into the spatial relationship between SARS-CoV-2 infection foci and further 

corroborated the clustering of oligofocal infection spots in the URT. As indicated 

earlier (see section 1.1.1), similar analysis pipelines are de facto impossible to 
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perform with conventional 2D IHC. Developments regarding computer vision, 

machine learning algorithms, and general management of “big image data” will 

likely have a significant impact on processing and analysis of large imaging 

datasets like those generated by LSFM in the future (see section 5.4). 

As emphasized earlier for SC infection by pathogenic field RABV (see 

publication IV [150] and section 5.2), volumetric 3D imaging specifically allows 

for screening of rare events in large volumes of tissue. Accordingly, Merz and 

colleagues highlighted the detection of cancer metastases in sentinel lymph 

nodes, which had not been found with conventional IHC [460]. In this study, a 

single 86,000 µm3-sized SARS-CoV-2 N-positive structure was detected within a 

> 80 mm3 section of ferret lung tissue (publication V [149]). In contrast to the 

detection of SARS-CoV-2 infection foci in nasal turbinates, spatial analysis 

highlighted that the signal was localized above the epithelial cell layer, suggesting 

aspiration of debris-associated antigen from the URT. No virus-associated 

antigen was detected in tracheal tissue. Previous studies with SARS-CoV-2-

infected ferrets detected either no [293] or only low amounts [291, 292] of viral 

RNA in the LRT but no SARS-CoV-2-related antigen [292, 293]. Only Kim and 

colleagues were able to visualize some SARS-CoV-2-positive cell in the LRT 

using a mouse serum raised against inactivated SARS-CoV-2 [291]. It is feasible 

that the aspiration of virus-containing debris from oligofocal infection sites in the 

URT, which had been overlooked with conventional 2D IHC, is responsible for 

the detection of low viral copy numbers in the LRT. To this end, 3D LSFM analysis 

of SARS-CoV-2 infection in the respiratory tract of ferrets confirmed a preferential 

replication of SARS-CoV-2 in the URT, thus corroborating previous reports 

(Figure 8) [291-293]. Furthermore, it underlines the suitability of volumetric 3D 

imaging to discover and investigate highly localized pathogen-related events. 

While ferrets are a standard model for human respiratory infection [461], they 

may not be the ideal model for COVID-19, as they do not recapitulate severe 

respiratory disease (Figure 8) [291-293, 462]. Other animal models, such as 

Syrian hamsters [294, 296] and rhesus macaques [305, 306, 308], mimic human 

infection more closely with infection of both URT and LRT as well as development 

of overt clinical signs. This study may serve as a blueprint for future spatial 

analyses of SARS-CoV-2 infection in other animal models and human clinical 

samples. On that note, investigation of host-pathogen interactions in farmed 
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animals may become increasingly important: transmission to, among themselves, 

and back to humans has been shown on multiple occasions for farmed minks 

[314, 315, 463]. Similarly, susceptibility of raccoon dogs for SARS-CoV-2 has 

been demonstrated [298]. Raccoon dogs had been implicated as an intermediate 

host for SARS-CoV-1 [265]. 

Due to the limited availability of SARS-CoV-2-infected organ material, further 

studies with larger samples sizes need to corroborate the clustering and the 

oligofocal infection pattern of SARS-CoV-2 in the URT of ferrets and other animal 

species. While this proof-of-principle study was focused on the respiratory tract, 

future approaches should investigate extrapulmonary manifestations as well. 

COVID-19 can result in a range of non-pulmonary complications, possibly 

facilitated by direct viral infection due to the widespread expression of the 

SARS-CoV-2 entry receptor ACE2 [464]. Among them are for example the 

impairment of smell (anosmia) and taste (ageusia), which could imply that 

infection of the olfactory nerve and possibly invasion of the CNS via the same 

might occur [465-468]. Presence of SARS-CoV-2 antigen has been 

demonstrated in the olfactory mucosa of humans [468, 469] and hamsters [468, 

470], including in olfactory sensory neurons [468], as well as in the CNS of 

humans and hACE2-knockin mice [302, 471]. Additionally, viral antigen has been 

detected in the intestine of ferrets [291], hamsters [294, 296], and rhesus 

macaques [305]. Similar to our previous studies on RABV tropism 

(publications II-IV [150-152]), volumetric 3D imaging may further facilitate the 

dissection of the global SARS-CoV-2 cell tropism in the CNS and other tissues 

via analysis of human clinical samples and different animal models. 

In conclusion, this study presents the first direct 3D visualization of 

SARS-CoV-2 infection in the respiratory tract and thus provides a proof of 

concept for the utility of volumetric 3D immunofluorescence imaging via TOC and 

LSFM for the investigation of respiratory pathogens (publication V [149]). 

Maintaining the intact spatio-morphological context enables unique insights into 

the environment of the infection site. This allows integration of quantitative image 

analysis via virtual object segmentation to accurately determine and investigate 

spatial relations and morphological parameters of virus infection in an unbiased 

context. Thus, the ability to examine host-pathogen interactions within the intact 

3D morphology of target tissues, which was developed as a key part of this thesis, 
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can be a valuable tool to understand pathogenesis of respiratory but also non-

respiratory pathogens in the future. 

5.4 Future perspectives for LSFM in microbiology 

Since the renaissance of LSFM about two decades ago, remarkable advances 

have been made, both conceptually and technologically (see section 1.1.1). 

Because of their interconnectedness, technological developments in light 

microscopy have always held great potential for biological research. Accordingly, 

LSFM has for example revolutionized developmental biology research [53, 134]. 

It further acted as a catalyst for the resurgence of TOC to facilitate investigation 

of fixed high-volume biological specimens. However, despite their apparent 

usefulness, LSFM approaches have not yet fully established themselves in 

infectious disease research [134, 148]. Thus, as an integral part of this thesis, a 

3D imaging pipeline was developed to highlight the utility of TOC-based 

volumetric 3D immunofluorescence imaging for virus research (publication II 

[152]). It was continuously refined and successfully applied to investigate the 

comprehensive in vivo cell tropism and spatio-morphological distribution of RABV 

and SARS-CoV-2, respectively (publications III-V [149-151]). 

Before the reintroduction of LSFM [52], 3D imaging of tissues was mostly 

restricted to gross imaging techniques such as magnetic resonance 

imaging (MRI) or X-ray computed tomography (CT), both of which cannot label 

specific antigens and are unable to reach cellular resolution as of yet [95]. 

Whereas point-scanning light microscopy techniques provide superior resolution, 

as demonstrated in this thesis (publications II-IV [150-152]), they suffer from 

slow acquisition speeds, particularly for high-volume samples (see section 1.1, 

Table 1). LSFM on the other hand is ideally suited for rapid volumetric imaging of 

large (solvent-cleared) tissues and organs (see section 1.1.1) [53, 56, 95]. To this 

end, correlative approaches are able to combine the volumetric acquisition power 

of LSFM with the targeted acquisition of highly resolved details by another 

microscopy technique. In this thesis, this was corroborated by highlighting 

subcellular details via CLSM of LSFM-identified ROIs in solvent-cleared tissue 

(publications IV-V [149, 150]). Using LSFM to screen for ROIs in optically clear 

organ samples has furthermore been combined with TEM, a non-light microscopy 

technique, via declarification and subsequent ultra-thin sectioning [472]. 
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Particularly for rare events, which easily escape TEM observation in ultra-thin 

sections, correlative light-electron microscopy (CLEM) approaches have proven 

to be useful [134, 473]. Moreover, Blutke and colleagues demonstrated LSFM-

guided MADLI-MSI (matrix-assisted laser desorption/ionization-mass 

spectrometry imaging) of solvent-cleared organs [474]. It is conceivable that in 

the future more correlative approaches will be developed using the volumetric 

acquisition power of LSFM as a “guidance system” for the targeted dissection of 

an ROI using a secondary microscopy method. 

In terms of microscope development, different strategies are being pursued. 

To combat for example the limited lateral and axial resolution of LSFM (see 

section 1.1, Table 1), lattice LSFM [85] and csiLSFM (coherent structured 

illumination LSFM) [475] have been developed. Open-hardware projects such as 

mesoSPIM allow for an increased accessibility, customizability, and flexibility of 

the system [90]. A different approach seeks to increase automation of acquisition 

and analysis pipelines for high-throughput screening of volumetric samples [476-

480] such as larval zebrafish [480] or organoids [481]. 

There is constant development and improvement of new, application-tailored 

TOC protocols. While many clearing protocols initially focused on brain 

tissue [84, 100, 101, 120, 121], a variety of protocols suitable for virtually every 

organ, including bones, exist today (see section 1.1.1). Even whole-body clearing 

and imaging at cellular resolution of entire rodents has been demonstrated with 

multiple protocols [102, 107, 119, 271, 482-484]. As part of this thesis 

(publications II-V [149-152]), a blueprint for the volumetric analysis of infection 

in nervous and respiratory tissues of mammalian origin was provided. Because 

of global change, including a warming climate, vector-borne diseases will become 

increasingly important in the future [485-487]. Mosquito-borne infections, 

including malaria, dengue fever, and Zika virus disease, are estimated to affect 

hundreds of millions of people every year [485]. Thus, arthropods should be a 

critical candidate for future LSFM-based infectious disease research studies. 

Accordingly, De Niz and colleagues have provided a proof-of-concept for 3D 

imaging of Plasmodium-infected Anopheles stephensi mosquitoes [488]. LSFM 

would be ideally suited to study the intact pathogen-mosquito interface in toto. In 

combination with available genome manipulation approaches [489-492], 
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pathogen and host factors determining vector competence may be identified, thus 

shedding light on critical aspects of mosquito-borne pathogen transmission. 

While TOC approaches are usually compatible with at least one form of antigen 

labeling, common restrictions apply: (i) the limited preservation of fluorescent 

proteins in solvent-cleared tissues as well as (ii) the slow diffusion and limited 

tissue penetration of antibodies in volumetric samples for immunostaining. The 

latter is usually circumvented by lengthy incubation times. To this end, multiple 

optimizations have been implemented to increase the stability of endogenous 

fluorescence in solvent-cleared tissues [107, 109, 111, 112]. Simultaneously, 

new fluorescent proteins have been developed, which feature very high chemical 

and thermodynamic stability, making them particularly suited for tissue clearing 

approaches [493]. Reporter-expressing recombinant viruses may then be 

generated via reverse genetics systems and used for infection experiments in 

relevant animal models. Accordingly, suitability of TOC and LSFM for neuronal 

mapping via reporter-expressing transneuronal viral tracers has been 

demonstrated [108, 494]. To overcome the slow passive diffusion of antibodies, 

various methods increasing probe delivery have been developed, including 

stochastic electrotransport [495], reversible tissue elasticization [496], and 

application of centrifugal pressure [497, 498]. Furthermore, use of single-domain 

antibodies can significantly reduce incubation times, thus increasing labeling 

efficiency [93, 102]. 

One of the key challenges of volumetric 3D imaging is data management [53, 

55, 93]. LSFM acquisition can generate massive amounts of data, which have to 

be stored, curated, processed, and analyzed [53, 55]. This requires both 

adequate storage capabilities and the necessary computational infrastructure to 

handle large datasets. While the issue of “big data” is neither new nor unique to 

LSFM, it is a key aspect to consider as “the challenges of big image data cannot 

be overstated” [54]. In terms of data interpretation, quantitative image analysis of 

large imaging datasets is a necessary step to move forward and increase data 

confidence beyond qualitative assertions to achieve robust conclusions [53, 93]. 

There are four “pillars of quantitative image analysis” [8]: (i) image processing, (ii) 

feature segmentation, (iii) quantification, and (iv) (statistical) data analysis. To this 

end, there is a variety of options available, including proprietary commercial 

software packages (e.g., Imaris, Amira, or arivis vision4D) and community-driven 
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open-source platforms such as ImageJ/Fiji [499, 500] or napari [501]. 

Simultaneously, a lot of effort is being made to develop AI (artificial intelligence)-

augmented biomedical image analysis applications using computer vision and 

machine learning frameworks to handle large imaging datasets [502-504]. In 

recent advances, computational modeling and integrated pipelines using 

machine learning algorithms have for example been developed for the automated 

detection, quantification, and characterization of cancer metastases 

(DeepMACT, deep learning-enabled metastasis analysis in cleared tissue [484]) 

or the brain vasculature (VesSAP, Vessel Segmentation & Analysis Pipeline 

[505]; TubeMap [506]) in whole cleared organs and even animals. While many 

important milestones are being reached with new frameworks and applications 

being introduced by the day, there are still a lot of barriers to overcome until deep 

learning will be a routine application in biological laboratories [504]. However, AI-

driven automation of quantitative image analysis will likely be a crucial 

cornerstone of biomedical image analysis in the future. 
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6. Summary 

Technological advances in light microscopy have always gone hand in hand 

with unprecedented biological insight. For microbiology, light microscopy even 

played a founding role in the conception of the entire discipline. The ability to 

observe pathogens that would otherwise evade human observation makes it a 

critical necessity and an indispensable tool to infectious disease research. Thus, 

the aim of this thesis was to optimize, extend, and functionally apply advanced 

light microscopy techniques to elucidate spatio-temporal and spatio-

morphological components of bacterial and viral infection in vitro and in vivo. 

Pathogens are in a constant arms race with the host’s immune system. By 

finding ways to circumvent host-mediated immune responses, they try to evade 

elimination and facilitate their own propagation. The first study (publication I) 

demonstrated that the obligate intracellular pathogen Coxiella burnetii is not just 

able to infect natural killer (NK) cells, but is actually capable of surviving the harsh 

degradative conditions in the cytotoxic lymphocyte’s granules. Using live-cell 

imaging of reporter-expressing Coxiella burnetii, the transient NK cell passage 

was closely monitored to provide detailed spatio-temporal information on this 

dynamic process in support of a range of static analyses. Bacterial release from 

NK cells was pinpointed to a time frame between 24 to 48 hours post-infection 

and the duration of release to about 15 minutes. 

The second approach (publications II-V) aimed at shedding light on the 

greater spatio-morphological context of virus infection. Thus far, most studies 

investigating the distribution or tropism of viruses in vivo have used conventional 

immunohistochemistry in thin sections. Omitting the native spatial context of the 

infection site in vivo inherently bears the risk of incomplete description. While the 

microscopic tools and sample preparation protocols needed for volumetric 3D 

immunofluorescence imaging have recently been made available, they had not 

gained a foothold in virus research yet. An integral part of this thesis was 

concerned with the assessment and optimization of available tissue optical 

clearing protocols to develop an immunofluorescence-compatible 3D imaging 

pipeline for the investigation of virus infection inside its intact spatio-

morphological environment (publication II). This formed the basis for all 

subsequent volumetric analyses of virus infection in vivo presented here. 

Consequently, this thesis provided a valuable proof of concept and blueprints for 
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future virus research on the mesoscopic scale of host-pathogen interactions 

in vivo (publications II-V), using rabies virus (RABV; publications II-IV) and the 

newly-emerged severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2; 

publication V) as infection models for the nervous system and the respiratory 

tract, respectively. 

Applying and further improving this volumetric 3D imaging workflow enabled 

unprecedented insights into the comprehensive in vivo cell tropism of RABV in 

the central (CNS) (publication III) and peripheral nervous system (PNS) 

(publication IV). Accordingly, differential infection of CNS-resident astrocytes by 

pathogenic and lab-attenuated RABV was demonstrated (publication III). While 

either virus variant showed equal capacity to infect neurons, as demonstrated by 

quantitative image analysis, only pathogenic field RABV were able to establish 

non-abortive infection of astrocytes via the natural intramuscular inoculation 

route. A combined 3D LSFM-CLSM workflow further identified peripheral 

Schwann cells as a relevant target cell population of pathogenic RABV in the PNS 

(publication IV). This suggested that non-abortive infection of central and 

peripheral neuroglia by pathogenic RABV impairs their immunomodulatory 

function and thus represents a key step in RABV pathogenesis, which may 

contribute significantly to the establishment of lethal rabies disease. 

Finally, utilizing the full volumetric acquisition power of LSFM, a further refined 

version of the established 3D imaging pipeline facilitated a detailed mesoscopic 

investigation of the distribution of SARS-CoV-2 in the respiratory tract of the ferret 

animal model (publication V). Particularly for this newly-emerged pathogen of 

global concern, in-depth knowledge of host-pathogen interactions is critical. By 

preserving the complete spatio-morphological context of virus infection in the 

ferret respiratory tract, this thesis provided the first specific 3D reconstruction of 

SARS-CoV-2 infection and the first report of 3D visualization of respiratory virus 

infection in nasal turbinates altogether. 3D object segmentation of SARS-CoV-2 

infection in large tissue volumes identified and emphasized a distinct oligofocal 

infection pattern in the upper respiratory tract (URT) of ferrets. Furthermore, it 

corroborated a preferential replication of SARS-CoV-2 in the ferret URT, as only 

debris-associated virus antigen was detected in the lower respiratory tract of 

ferrets, thus providing crucial information on the spatial distribution of 

SARS-CoV-2. 
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8.3 Acronyms and abbreviations 

2D/3D/4D two-/three-/four-dimensional 

2PLSM two photon–excited fluorescence laser-scanning microscopy 

3DISCO 3D imaging of solvent-cleared organs 

ACE2 angiotensin-converting enzyme 2 

AF Alexa Fluor 

AFM atomic force microscopy 

AI artificial intelligence 

ALM advanced light microscopy 

ARDS acute respiratory distress syndrome 

BABB mix of benzyl alcohol and benzyl benzoate 

BBB blood-brain barrier 

C. burnetii Coxiella burnetii 

cDNA complementary DNA 

CLARITY aqueous-based clearing method (tissue transformation) [no 

acronym] 

CLEM correlative light-electron microscopy 

CLSM confocal laser-scanning microscopy 

CNS central nervous system 

COVID-19 coronavirus disease 2019 

csiLSFM coherent structured illumination LSFM 

CT X-ray computed tomography 

CUBIC clear, unobstructed brain imaging cocktails and computational 

analysis 

CVS-11 challenge virus standard-11 

DC dendritic cell 

DeepMACT deep learning-enabled metastasis analysis in cleared tissue 

DIC differential interference contrast 

DNA deoxyribonucleic acid 

ECi ethyl cinnamate 

ERA  Evelyn Rokitnicki Abelseth 

ExM expansion microscopy 

FWD free working distance 

GFP green fluorescent protein 
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HCoV human coronavirus 

HIV human immunodeficiency virus 

HSV-1 herpes simplex virus type 1 

i.c. intracerebral(ly) 

i.m. intramuscular(ly) 

iDISCO immunolabeling-enabled 3D imaging of solvent-cleared organs 

IFN interferon 

IHC immunohistochemistry 

IVM intravital microscopy 

LCI live-cell imaging 

LCV large-cell variant 

LPS lipopolysaccharide 

LRT lower respiratory tract 

LSFM light sheet fluorescence microscopy 

MADLI-MSI matrix-assisted laser desorption/ionization- 

 mass spectrometry imaging 

MBP myelin basic protein 

MDA5 melanoma differentiation-associated protein 5 

MERS-CoV Middle East respiratory syndrome coronavirus 

mGluR2 metabotropic glutamate receptor subtype 2 

MHC major histocompatibility complex 

MP Madlin Potratz (first author of publications III-IV [150, 151]) 

MRI magnetic resonance imaging 

NA numeric aperture 

nAChR nicotinic acetylcholine receptor 

NCAM neural cell adhesion molecule 

NHP non-human primate 

NIR near-infrared 

NK cell natural killer cell 

NLR NOD-like receptor 

NOD nucleotide-binding and oligomerization domain 

OCA optical clearing agent 

ORF open reading frame 

p75NTR low-affinity nerve growth factor receptor 
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PACT passive CLARITY technique 

PALM photoactivated localization microscopy 

PAMP pathogen-associated molecular pattern 

PARS perfusion-assisted agent release in situ 

PEGASOS polyethylene glycol (PEG)-associated solvent system 

PKC-θ protein kinase C-θ 

PNS peripheral nervous system 

PRR pattern recognition receptor 

PV parasitophorous vacuole 

RABV P RABV phosphoprotein 

RABV rabies virus 

RdRp RNA-dependent RNA polymerase 

RI refractive index 

RIG-I retinoic acid-inducible gene I 

RNA ribonucleic acid 

ROI region of interest 

RT-qPCR  reverse transcription-quantitative polymerase chain reaction 

SAD Street Alabama Dufferin 

SARS-CoV-1 severe acute respiratory syndrome coronavirus 1 

SARS-CoV-2 severe acute respiratory syndrome coronavirus 2 

SC Schwann cell 

ScaleS aqueous-based clearing method (hyperhydration) [no acronym] 

SCV small-cell variant 

SDCM spinning-disk confocal microscopy 

SDS sodium dodecyl sulfate 

SeeDB2 see deep brain 2 

SIM structured illumination microscopy 

SM Svea Matthiesen (first author of publication I [147]) 

SMLM single-molecule localization microscopy 

SPIM selective plane illumination microscopy 

STED stimulation emission depletion 

STORM stochastic optical reconstruction microscopy 

t time 

TDE 2,2′-thiodiethanol 
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TEM transmission electron microscopy 

TIRF total internal reflection fluorescence 

TLR toll-like receptor 

TOC tissue optical clearing 

uDISCO ultimate 3D imaging of solvent-cleared organs 

URT upper respiratory tract 

VesSAP Vessel Segmentation & Analysis Pipeline 

WF widefield 

WHO World Health Organization 
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