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Dear Dr Sil, 
 
We are pleased to submit a revised version of our manuscript JoVE59043 for potential 
publication in the scheduled JoVE Methods Collection “Comprehensive Guide to 
Inflammation Detection Methodologies". To address all editorial and Reviewers’ comments 
adequately, we now carefully revised our manuscript, extended the Discussion, included a 
new subfigure into Figure 1 and made some additional clarifications. Based on a comment 
provided by Reviewer #2, we changed the title of our manuscript; it is now entitled 
“Advanced imaging of lung homing human lymphocytes in an experimental in vivo model of 
allergic inflammation based on light-sheet fluorescence microscopy”. All text passages, 
which have been added or modified in response to the Reviewers’ comments, are indicated 
(underlined text).  
Moreover, we performed some additional experimental analyses in order to address the 
fifth comment of Reviewer #1. These data have been included into our Point-by-Point reply.  
We believe that the revision process markedly strengthened the manuscript and hope that 
the revised paper will meet the requirements for publication in JoVE. 
 
We are looking forward to hearing from you. 
 
  
Sincerely yours, 
  
  
Imke Atreya, MD PhD 
Department of Medicine 1, University Hospital of Erlangen 
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SUMMARY:  28 
The here introduced protocol allows characterization of the lung homing capacity of primary 29 
human lymphocytes under in vivo inflammatory conditions. Pulmonary infiltration of adoptively 30 
transferred human immune cells in a mouse model of allergic inflammation can be imaged and 31 
quantified by light-sheet fluorescence microscopy of chemically cleared lung tissue. 32 
 33 
ABSTRACT:  34 
Overwhelming tissue accumulation of highly activated immune cells represents a hallmark of 35 
various chronic inflammatory diseases and emerged as an attractive therapeutic target in the 36 
clinical management of affected patients. In order to further optimize strategies aiming at 37 
therapeutic regulation of pathologically imbalanced tissue infiltration of pro-inflammatory 38 
immune cells, it will be of particular importance to achieve improved insights into disease- and 39 
organ-specific homing properties of peripheral lymphocytes. The here described experimental 40 
protocol allows to monitor lung accumulation of fluorescently labeled and adoptively 41 
transferred human lymphocytes in the context of papain-induced pulmonary inflammation. In 42 
contrast to standard in vitro assays frequently used for the analysis of immune cell migration 43 
and chemotaxis, the now introduced in vivo setting takes into account lung-specific aspects of 44 
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tissue organization and the influence of the complex inflammatory scenario taking place in the 45 
living murine organism. Moreover, three-dimensional cross-sectional light-sheet fluorescence 46 
microscopic imaging does not only provide quantitative data on infiltrating immune cells, but 47 
also depicts the pattern of immune cell localization within the inflamed lung. Overall, we are 48 
able to introduce an innovative technique of high value for immunological research in the field 49 
of chronic inflammatory lung diseases, which can be easily applied by following the provided 50 
step-by-step protocol.  51 
  52 
INTRODUCTION:  53 
Classic inflammatory disorders of the lung, such as allergic asthma and chronic obstructive 54 
pulmonary disease (COPD), are well known to be driven by an increased recruitment of 55 
activated lymphocytes into the pulmonary tissue1,2. Lymphocyte-released cytokines (e.g., IL-4, 56 

IL-5, IL-9, IL-13, IFN- and TNF-) further promote chemotaxis of innate and adaptive immune 57 
cells, induce fibrotic airway remodeling or directly damage the lung parenchyma2. So far, the 58 
underlying mechanisms responsible for the pathological accumulation of lymphocytes within 59 
lung tissue are not yet fully understood. In analogy to tissue-selective T cell imprinting 60 
described for gut and skin homing, pulmonary dendritic cells (DCs) are obviously able to prime 61 
peripheral T cells for preferential lung infiltration, at least partly via the induction of CCR4 62 
expression on the surface of lymphocytes3. Besides CCR4, airway-infiltrating T cells are also 63 
characterized by a particularly increased expression of the chemokine receptors CCR5 and 64 
CXCR3 compared to T cells within the peripheral blood1,4,5. Overall, existing data are consistent 65 
with the concept that lung homing of T lymphocytes under physiological or inflammatory 66 
conditions involves a number of different chemokine receptors and their respective ligands and 67 
thus crucially depends on a closely controlled collaboration between innate and adaptive 68 
immune cells1. Especially, during the initial phase of pathogen or allergen exposure, cells of the 69 
innate immune system respond to TLR stimulation or to IgE-mediated cross-linking by the 70 
immediate release of different chemoattractants, like LTB4, CCL1, CCL17, CCL22, CCL20, CXCL10 71 
and PGD2

1,6,7. As a prime example, the interaction between PGD2 and the chemoattractant 72 
receptor CRTh2 is known to be of particular importance for chemotaxis of Th2 cells and thus 73 
appeared as promising therapeutic target in the clinical management of asthma. Indeed, 74 
patients with moderate asthma showed an improvement of symptoms and a significant 75 
increase of the forced expiratory volume in one second (FEV1) after treatment with a selective 76 
CRTh2 antagonist compared to the placebo group8,9. In a more progressed state of the 77 
inflammatory response, already recruited T cells are able to further amplify pulmonary 78 
lymphocyte accumulation via the release of IL-4 and IL-13 as potent stimuli for pulmonary DCs. 79 
Subsequently, these myeloid-derived innate cells up-regulate the expression of CCL17 and 80 
CCL22 in a STAT6-dependent manner1,10,11.  Although the complexity of the described scenario 81 
still hinders a complete understanding of T cell lung homing, it offers a plethora of molecular 82 
targets for a potentially optimized therapeutic control of inflammatory or allergic pulmonary 83 
diseases. Therefore, there is an urgent need of innovative experimental techniques, which are 84 
able to further deepen and complement our knowledge in the field of T cell chemotaxis and 85 
lung homing. 86 
 87 
Due to the fact that lung homing of lymphocytes within the human body is influenced by 88 



   

multiple cellular, humoral and physical parameters1, most of the existing experimental methods 89 
are not able to model the whole complexity of this immunological process. Instead, many 90 
standard protocols for the analysis of lung homing selectively focus on a specific aspect 91 
involved in the cascade of lymphocyte attraction, adhesion, migration and retention. Besides a 92 
purely descriptive determination of the mRNA or protein expression pattern of integrins and 93 
chemokine receptors on peripheral or lung-infiltrating lymphocytes and the complementary 94 
measurement of respective chemokine levels in blood, bronchoalveolar lavage (BAL) or 95 
pulmonary tissue12-15, well-established in vitro cell culture assays allow a functional 96 
characterization of lymphocyte adhesion or chemotaxis upon defined experimental 97 
conditions16-18. In principle, static in vitro adhesion assays monitor the binding capacity of 98 
cultured lymphocytes to an endothelial monolayer or to glass slides coated with recombinant 99 
endothelial adhesion molecules (e.g., MAdCAM-1, VCAM-1), while standard in vitro chemotaxis 100 
assays are usually applied in order to quantify the ability of lymphocytes to migrate along a 101 
chemokine gradient in a Transwell system19. Both in vitro settings enable a controlled 102 
adjustment and modulation of experimental conditions, but on the other hand lack important 103 
variables known to critically impact on in vivo chemotaxis and adhesion of lymphocytes. 104 
Predominantly, static cell culture assays disregard the influence of shear forces caused by the 105 
permanent blood flow19 and potentially neglect the involvement of the surrounding 106 
immunological milieu and interacting non-lymphocyte immune cells, both present in a living 107 
organism. In order to overcome these limitations, the interpretation of results acquired in static 108 
in vitro chemotaxis or adherence assays need further validation in dynamic adhesion 109 
experiments under flow conditions20,21 and in in vivo models of inflammatory organ 110 
pathology19. Indeed, important conclusions on the regulation of T cell lung homing under 111 
inflammatory or allergic conditions could be drawn from animal studies analyzing genetically 112 
modified mice in defined models of different pulmonary diseases3,22,23. The quantitative 113 
comparison of lung infiltrating lymphocytes between wildtype mice and mice with a deficiency 114 
for a specific gene of interest represents a well-established and broadly used tool for defining 115 
the impact of particular cellular pathways or receptors on the disease-driven pattern of T cell 116 
distribution. However, in contrast to before discussed in vitro cell culture assays, a study design 117 
based on classical animal models lacks the ability to analyze and monitor primary human T cells 118 
directly derived from the blood or BAL of patients suffering from an inflammatory lung disease. 119 
Thus, it still remains challenging to functionally validate whether a diagnostically specified lung 120 
disease is able to imprint human lymphocytes for preferential lung tropism and how far clinical 121 
parameters might impact on this scenario. Recently, a very elegant in vivo approach was 122 
introduced in the context of inflammatory bowel diseases (IBD), which was able to overcome 123 
most of these limitations and opened new avenues for advanced translational studies on 124 
intestinal lymphocyte homing24. Taking advantage of protocols for solvent-based tissue clearing 125 
followed by cross-sectional light-sheet fluorescence microscopy as a powerful imaging tool, it 126 
was possible to visualize the infiltration and distribution of adoptively transferred human T cells 127 
in the intestine of colitic immunodeficient mice24. In particular, this experimental setting 128 
implemented two main innovations: (1) Primary human immune cells can be analyzed under 129 
experimentally defined in vivo conditions; (2) a rather large area of the diseased organ (about 130 
1.5 cm x 1.5 cm) can be imaged in high resolution quality, followed by 3D-reconstruction. 131 
Moreover, several recent studies successfully established the use of solvent-based tissue 132 



   

clearing and light-sheet fluorescence microscopy as important tools for advanced lung 133 
imaging25,26. In order to benefit from this technological progress in the field of pulmonary 134 
immunology, we now adopted the system for analysis of lung homing.  135 
 136 
The here presented protocol provides a step-by-step introduction how to purify and 137 
fluorescently label primary human T cells for transfer into mice with induced pulmonary 138 
inflammation and, moreover, describes in detail the subsequent process of light-sheet 139 
fluorescence microscopic imaging, including organ preparation and image processing. Overall, 140 
we hope to support future translational studies in the field of inflammatory or allergic lung 141 
diseases by introducing a sophisticated, but nevertheless feasible, experimental model for 142 
monitoring human lymphocyte lung homing upon in vivo conditions.  143 
 144 
PROTOCOL: 145 
 146 
Experiments involving animals were performed in accordance with protocols approved by the 147 
relevant local authorities in Erlangen (Regierung von Unterfranken, Würzburg, Germany). Mice 148 
were housed under specific pathogen–free conditions. The collection of human blood was 149 
approved by the local ethical committee and the institutional review board of the University of 150 
Erlangen-Nuremberg. Each patient gave written informed consent. 151 
 152 
1. Induce allergic lung inflammation in mice 153 
 154 
NOTE: As described in earlier studies27, the following experimental procedure allows inducing 155 
allergic airway inflammation in mice and, accordingly, triggers the accumulation of innate and 156 
adaptive immune cells in the BAL. The described protocol has been established in C57BL/6J 157 
mice, but adoption to other standard inbred strains should be possible. 158 
 159 
See Figure 1A for a summary of the in vivo experimental procedure. 160 
 161 
1.1. Anesthetize mice by intraperitoneal injection of ketamine/xylazine. 162 
 163 
NOTE: Only use C57BL/6J mice older than 6 weeks and with a body weight of at least 16 g. 164 
 165 
1.1.1. Prepare ketamine/xylazine solution in PBS (12 mg/mL ketamine; 1.6 mg/mL xylazine) 166 
and determine the exact body weight of mice.  167 
 168 
1.1.2. Inject the first mouse with 8 µL/g bodyweight of ketamine/xylazine solution 169 
intraperitoneally and confirm deep anesthesia via the absence of the paw pinch reflex before 170 
proceeding to step 1.3. 171 
 172 
1.2. Freshly prepare 5 mg/mL of papain in PBS. Slowly pipette 10 µL (50 µg) of the papain 173 
solution into the nostril. Carefully monitor the mouse until awakening. 174 
 175 
1.3. Repeat steps 1.1 and 1.2 for all mice included in the experiment. Perform steps 1.1 – 1.3 176 



   

on three consecutive days. 177 
 178 
2. Purify and fluorescently label human peripheral blood CD4+ T cells  179 
 180 
NOTE: Process cells under sterile conditions.  181 
 182 
2.1. Collect 18 mL of full human blood from a peripheral vein. Perform Ficoll-Hypaque 183 
gradient centrifugation in order to select the fraction of peripheral blood mononuclear cells 184 
(PBMC). 185 
 186 
NOTE: Collection and analysis of primary human material need to be approved by the local 187 
ethical authorities. Only a person with an adequate medical qualification is allowed to collect 188 
blood from a peripheral vein. 189 
 190 
2.1.1. Collect blood in ethylenediaminetetraacetic acid (EDTA)-containing monovettes (1.6 mg 191 
EDTA/mL blood) in order to avoid coagulation. 192 
 193 
OPTIONAL: Use buffy coat blood, a by-product of blood donation enriched in leukocytes, 194 
instead of complete venous blood. 195 
 196 
2.1.2. Transfer blood into a conical 50 mL-tube and dilute 1:2 in phosphate buffered saline 197 
(PBS). Carefully add 12 mL of Ficoll-medium (density 1.077 g/mL) as a bottom layer under the 198 
diluted blood. Centrifuge the sample (800 × g for 15 min at room temperature without brake).  199 
 200 
2.1.3. 2.1.3 Carefully remove the tube from the centrifuge and transfer the PBMC-containing 201 
interphase into a new conical 50 mL-tube. Discard the upper and bottom layer. Fill the PBMC-202 
containing tube with PBS and centrifuge (300 × g for 10 min at 4 °C). Remove the supernatant. 203 
 204 
NOTE: Optionally, if necessary, perform lysis of remaining erythrocytes. Carefully add 3 mL of 205 
ammonium-chloride-potassium (ACP) lysis buffer (155 mM ammonium chloride; 19 mM 206 
potassium hydrogen carbonate and 0.68 mM EDTA; pH 7.27) to the resuspended cell pellet and 207 
vortex the sample. Shake the tubes for 3 min. To remove the ACP lysis buffer, add 40 mL of PBS 208 
and centrifuge (300 × g for 10 min at 4 °C). Discard supernatant. 209 
 210 
2.2. Purify CD4+ T cells via CD4 microbeads. 211 
 212 
NOTE: In general, there are several distributors of magnetic microbeads for purification of 213 
human CD4+ cells, which should result in comparable levels of cell purity. Product choice should 214 
be based on individual preferences. The following steps of the protocol (2.2.2 - 2.2.7) are 215 
adjusted to a defined CD4 microbead product and respective separation columns as further 216 
indicated in the Table of Materials. Some modifications of the protocol might be required in 217 
case that an alternative CD4 microbead product is selected.  218 
 219 
2.2.1. Resuspend the PBMC pellet in a minimum of 80 µL PBS containing 0.5% fetal bovine 220 



   

serum (FBS) and 2 mM EDTA (PBS/FBS/EDTA-buffer) per 107 PBMC. Use a starting population of 221 
about 30 x 106 PBMC in order to end-up with approximately 3 x 106 to 6 x 106 purified human 222 
CD4+ T cells.  223 
 224 
2.2.2. Add 20 µL of CD4 microbeads per 107 PBMC, mix gently and incubate for 20 min at 4 °C. 225 
Fill the tube with PBS/FBS/EDTA-buffer (cooled down to 4 °C) and centrifuge (300 × g for 10 min 226 
at 4 °C). Remove supernatant. 227 
 228 
2.2.3. Place a separation column into a magnetic field. Rinse the column with 3 mL of 229 
PBS/FBS/EDTA-buffer. Resuspend the cell pellet in 500 µL of PBS/FBS/EDTA-buffer (cooled 230 
down to 4 °C) and transfer the cell suspension onto the rinsed separation column placed within 231 
a magnetic field.  232 
 233 
2.2.4. Rinse the separation column three times with 3 mL of PBS/FBS/EDTA-buffer (cooled 234 
down to 4 °C) and discard the effluent. 235 
 236 
2.2.5. Remove the separation column from the magnetic field and place it into a 15 mL-tube. 237 
Elute the CD4+ cell fraction in 5 mL of PBS/FBS/EDTA-buffer by using the plunger. 238 
 239 
2.2.6. Fill the tube with PBS and centrifuge (300 × g for 10 min at 4 °C). Remove supernatant. 240 
Repeat this washing step twice. 241 
 242 
2.2.7. Determine the number of yielded cells by a standard method of choice (e.g., Neubauer 243 
chamber). 244 
 245 
2.3. Label CD4+ T cells with a fluorescent cell proliferation dye. 246 
 247 
2.3.1. Resuspend CD4+ T cells in PBS (up to 107 cells/mL; do not use less than 500 µL of PBS). 248 
 249 
2.3.2. Prepare a 6 µM solution of a red light-excitable cell proliferation dye (see Table of 250 
Materials) in PBS (pre-warmed to room temperature). Mix this solution 1:2 with the before 251 
prepared cell suspension and vortex thoroughly (3 µM final concentration). 252 
 253 
2.3.3. Incubate for 10 min at 37 °C (protected from light). Afterwards, add five volumes of 254 
RPMI medium containing 10% FBS and incubate for 5 min on ice (protected from light). 255 
 256 
2.3.4. Wash labeled cells three times in RPMI medium containing 10% FBS (centrifuge at 300 x 257 
g for 10 min at 4 °C). Resuspend labeled cells in PBS, store on ice and protect from light until 258 
use.  259 
 260 
NOTE: Prolonged storage of cells (>60 min) might negatively impact on cell survival.  261 
 262 
OPTIONAL: Determine the purity of the CD4+ cell fraction and the efficacy of the labeling 263 
procedure by flow cytometry. Resuspend 0.5 x 106 to 1 x 106 CD4+ cells in 100 µL of buffer (1% 264 



   

FBS, 2 mM EDTA in PBS) and add an anti-human CD4 antibody coupled with a fluorescent dye of 265 
choice. Incubate for 30 min at 4 °C. Add 1 mL buffer and centrifuge (300 × g for 10 min at 4 °C). 266 
Discard supernatant. Proceed with flow cytometric measurement of the sample (representative 267 
result is depicted in Figure 1B,C). 268 
 269 
3. Adoptively transfer human CD4+ T cells into papain-exposed recipient mice  270 
 271 
NOTE: See Figure 1A for a summary of the in vivo performed experimental procedure. 272 
Perform cell transfer one day after the last intranasal administration of papain. 273 
 274 
3.1. Adjust the suspension of fluorescently labeled human CD4+ T cells (step 2.3.4) to a 275 
concentration of 1 x 107 cells/mL in PBS. Fill 100 µL of the cell suspension into a 1 mL/30 G-276 
syringe. 277 
 278 
3.2. Carefully place the first papain-exposed C57BL/6J mouse (steps 1.1 – 1.3) into a restraint 279 
device for tail vein injection. Use the prepared syringe (step 3.1) to puncture the tail vein and 280 
slowly inject 100 µL of the cell suspension containing 1 x 106 labeled human CD4+ cells. Do not 281 
immediately pull out the needle after injection, but wait for additional 5 seconds in order to 282 
prevent discharge of the cell suspension. 283 
 284 
3.3. Release the mouse from the restraint device and proceed with the next animal. Keep at 285 
least one papain-exposed animal, which does not undergo transfer with fluorescently labeled 286 
cells to serve as negative control for light-sheet fluorescence microscopy.  287 
 288 
4. Prepare lung tissue for light-sheet microscopy 289 
 290 
NOTE: The following steps are performed 3 h after transfer of fluorescently labeled human cells 291 
(step 3.2). The described experimental procedures including harvesting of lung tissue, fixation 292 
and solvent-based tissue clearing were adapted from currently described protocols24,28.  293 
 294 
4.1. Sacrifice the mouse by carbon dioxide (C02) inhalation.  295 
 296 
4.2. Perfuse the lung in situ with PBS containing 5 mM EDTA. 297 
 298 
4.2.1. Open the thorax via cutting along the sternum to expose the heart. Punctate the right 299 
ventricle with a 21 G cannula connected to a catheter. 300 
 301 
4.2.2. Open the left ventricle by cutting and thereby allow the blood and perfusion fluid to 302 
exit. Slowly perfuse the lung with 20 mL of ice-cold PBS containing 5 mM EDTA via the catheter. 303 
 304 
4.3. In order to perform in situ fixation of the lung, do not remove the catheter from the 305 
right ventricle. Slowly perfuse the lung with 2 mL of ice-cold 4% paraformaldehyde (PFA) solved 306 
in PBS. Remove the catheter and the cannula. 307 
 308 



   

NOTE: PFA-based in situ fixation of lung tissue represents a well-established technique in order 309 
to prepare murine lung tissue for subsequent microscopic analysis29,30. 310 
 311 
CAUTION: PFA is toxic and has to be handled under a hood with care.  312 
  313 
4.4. Fill the lung with 0.75% agarose in situ. 314 
 315 
4.4.1. Prepare 0.75% agarose in PBS and keep it solid at 50 °C in a thermo-shaker until use. 316 
Remove the salivary glands of the mouse, cut the sternohyoid muscle and expose the trachea 317 
by sliding a forceps underneath.  318 
 319 
4.4.2. Punctuate the exposed trachea with a 30 G needle and replace it by a blunt 30 G 320 
catheter to prevent further damage of the trachea resulting in undesired leakage of agarose. 321 
Seal the junction between the inserted catheter and the trachea.  322 
 323 
OPTIONAL: Combine the here described procedure with BAL collection to analyze infiltrated 324 
human cells in BAL as recently described in detail31 (see Figure 2E for representative results). 325 
 326 
4.4.3. Carefully fill the airways with 0.75% agarose (cooled down to body temperature) via the 327 
catheter until complete unfolding of the lung; wait until complete solidification of the agarose. 328 
Remove the catheter and carefully harvest the lung in a darkened 2 mL-tube filled with 4% PFA.  329 
 330 
4.5. For additional fixation incubate the sample in 4% PFA solved in PBS for 2 h at 4 °C under 331 
continuous rotation (31 rpm). 332 
 333 
4.6. Dehydrate tissue by subsequently incubating the sample under continuous rotation 334 
(31 rpm) at 4 °C in 50% ethanol (pH 9), 70% ethanol (pH 9) and 100% ethanol; each step for at 335 
least 4 h. At the end, perform a second incubation in fresh 100% ethanol for 4 h.  336 
 337 
4.7. Perform solvent-based clearing of the tissue using ethyl cinnamate (ECi). Therefore, 338 
transfer the sample into ECi. Incubate overnight at room temperature (under constant rotation) 339 
until the tissue appears translucent (see Figure 1D for representative images). 340 
 341 
NOTE: Samples stored in ECi at room temperature (protected from light) are stable over several 342 
weeks to months. 343 
 344 
5. Perform light-sheet fluorescence microscopy of whole murine lung lobes 345 
 346 
NOTE: Please see the Table of Materials for details on the light-sheet fluorescence microscope 347 
and the corresponding software, on which the following steps are based. Comparable systems 348 
by other manufacturers, however, can be used as well with developer-specific modifications of 349 
the following protocol. Before starting, get familiar with the microscope-specific operating 350 
manual and follow the technical instructions by the responsible person on site. 351 
 352 



   

5.1. Set up the light-sheet microscope. 353 
 354 
5.1.1. Turn on the light-sheet microscope and open the corresponding imaging software on 355 
the computer. Fill the sample chamber with filtered ECi (100 µm filter) and place it in its 356 
position between the laser beams. 357 
 358 
5.1.2. Use a small drop of organic solvent-stable glue to stick the lung to the sample holder. To 359 
keep the required penetration depth of the light-sheets as small as possible, set the lung lobe 360 
upright. Next, place the sample holder in its chamber. 361 
 362 
5.1.3. Set the refractive index of the objective to 3.5 when using ECi as clearing reagent. 363 
 364 
5.2. Adjust settings at the light-sheet microscope to detect human cells in the context of the 365 
whole organ. 366 
 367 
5.2.1. Select required lasers (filter for measurement > activate checkboxes of required lasers) 368 
and choose appropriate intensities in the control software (laser transmission control > use 369 
slider to set laser intensity > apply). Use an excitation wavelength of 488 nm (525/50 filter) to 370 
detect autofluorescent lung tissue and 640 nm (680/30 filter) to excite human cells labeled with 371 
a fluorophore emitting in the red spectrum.  372 
 373 
5.2.2. Focus on the sample excited at 488 nm and adapt the focus via the ‘chromatic 374 
correction’ tool at the excitation wavelength of 640 nm (use the slider to set chromatic 375 
correction > apply).  376 
 377 
5.2.3. Choose an appropriate zoom factor; use a low magnification overview (e.g., 6.3x) to 378 
determine the overall distribution of labeled cells within the lung tissue and magnified images 379 
(e.g., 32x) for detailed localization. 380 
 381 
5.2.4. Select a sheet width uniformly elucidating the whole organ or a specific section of 382 
interest (optics > use slider to set sheet width; usually between 20-40%). Define the sheet 383 
numerical aperture (NA) with higher NA creating sharper images (optics > use slider to set the 384 
sheet NA; for a murine lung lobe expanded to its physiological size a NA of 0.025% can often be 385 
used).  386 
 387 
5.2.5. Select the number of light-sheets to be used under ‘advanced measurement settings’. In 388 
case of bidirectional illumination, merge left and right light-sheets to create a homogenously 389 
illuminated image (advanced measurement > merge lightsheets > select blend mode > use 390 
sliders to define overlap between both light-sheets). 391 
 392 
NOTE: It is recommended to take advantage of the bidirectional illumination of the sample with 393 
three light-sheets each.  394 
 395 
5.2.5.1. To further increase image quality, use the dynamic focus operation. This allows 396 



   

to move the focus in x-direction during image acquisition. 397 
 398 
5.2.6. Define start and end positions of the z-stack to be measured and set the step size to 5 399 
µm (xyz-table Z > scan range).  400 
 401 
NOTE: Start and end positions of a z-stack depend on size and positioning of the lung lobe 402 
within the sample chamber. However, about 300 to 800 z-stacks are usually acquired for a 403 
single lung lobe (5 µm step size). 404 
 405 
5.2.7. Save files using ‘autosave settings’ and start measurement to capture images. After 406 
finishing data acquisition, clean the ECi-contaminated sample holder and chamber under 407 
running water. 408 
 409 
NOTE: Use the same settings to image several lung lobes that are supposed to be compared 410 
afterwards. 411 
 412 
6. Post-image processing and quantification of lung-accumulated human cells  413 
 414 
NOTE: Please see Table of Materials for details on the post-imaging software for 3-D analysis, 415 
on which the following steps are based. However, alternative post-imaging softwares can be 416 
used as well. 417 
 418 
6.1. Load the first image of a z-stack (activate the surpass button, file > open > select 419 
image) in order to initiate opening of all other images of the chosen z-stack and their automatic 420 
3D reconstruction.  421 
 422 
6.2. To ensure correct display of x, y and z dimensions, check voxel sizes and adjust them if 423 
necessary (edit > image properties > enter voxel size manually). For the voxel size of z, enter 424 
the chosen step-size between two images (here 5 µm). 425 
 426 
6.3. Display each channel in a distinct color (edit > show display adjustment). Click on each 427 
channel one after the other to define a color of choice (in Figure 2A,B,C,D the autofluorescence 428 
signal is displayed in grey and labeled human CD4+ cells in red). 429 
 430 
6.4. Adjust intensity, black level and contrast for each channel (edit > show display 431 
adjustment) using the triangles in the channel bars or entering exact numbers in the channel 432 
settings. For intensity adjustment, use the right triangle. For black level adjustment, use the left 433 
triangle and for contrast adjustment, use the middle triangle. 434 
 435 
NOTE: Use the lung derived from the control mouse without cell transfer (step 3.3) to 436 
differentiate between specific human cell-derived signals and unspecific background.  437 
 438 
6.5. To quantify labeled cells within the pulmonary tissue use ‘measurement points’ in the 439 
toolbar for manual cell counting. 440 



   

 441 
NOTE: Alternatively, select ‘spots’ for automatic cell counting. However, manual counting 442 
allows to differentiate between specific and unspecific signals more precisely. 443 
 444 
6.5.1. To compare the accumulation of human cells across different samples, define a lung 445 
cube with a specific volume using the 3D cutting tool (edit > crop 3D) (here 446 
813 µm x 813 µm x 1000 µm).  447 
 448 
6.5.2. Count cells in the 640 nm channel by checking select in the pointer menu and mark each 449 
cell with a dot via shift-click with the left mouse button. Find the overall number of counted 450 
cells displayed in the statistics.  451 
 452 
NOTE: It is highly recommended to count several cubes per lung lobe (here five) to ensure 453 
reliability of results and compensate for scientist-dependent selection of the counted lung 454 
volume (quantification strategy and representative results are depicted in Figure 2D). 455 
 456 
6.6. Capture an image using the ‘snapshot’ tool and/or take a video using the ‘animation’ 457 
tool. Save adjusted files as .ims files (file > export). 458 
 459 
NOTE: For representative purposes, show or hide the frame by checking or unchecking the 460 
frame in the toolbar. In addition, display images either as maximal intensity projection (MIP) 461 
(toolbar > volume > mode > check MIP) or use the ‘surface mode’ (toolbar > add new 462 
surfaces). The ‘surface mode’ has to be activated separately for each channel to highlight tissue 463 
architecture and/or cell bodies (representative images are shown in Figure 2C). 464 
 465 
REPRESENTATIVE RESULTS:  466 
The presented protocol describes an experimental mouse model, which allows monitoring and 467 
quantifying the accumulation of adoptively transferred human T lymphocytes in the lung via 468 
light-sheet fluorescence microscopy. Figure 1A provides a schematic overview of the in vivo 469 
steps of the experimental schedule. In order to guarantee reliable results, it is of substantial 470 
importance to ensure a good quality of the isolated and fluorescently labeled human CD4+ T 471 
cells, which will afterwards be transferred into mice. As representatively depicted in Figure 472 
1B,C, the above described procedure for microbead-based cell enrichment and subsequent 473 
fluorescence-labeling usually results in a flow cytometrically determined CD4+ T cell purity 474 
> 95% and successful fluorescence-labeling of all CD4+ T cells. The quality and penetration 475 
depth of light-sheet fluorescence microscopy critically depends on an appropriate grade of 476 
tissue clearing. As demonstrated in Figure 1D, the here applied protocol for ECi-based tissue 477 
clearing was able to guarantee a high level of organ transparency, indicating a successful 478 
refractive index matching. Finally, a representative overall result of the described experimental 479 
protocol in form of fully processed light-sheet fluorescence microscopy images is demonstrated 480 
in Figure 2B,C,D and in the Supplementary Video. The autofluorescent signal (displayed in grey) 481 
provides a helpful tool for imaging the anatomic structure of the lung. The red signal represents 482 
lung accumulated human CD4+ T cells. Quantification of light-sheet fluorescence microscopy 483 
imaging allows determining the overall number of lung accumulated human CD4+ T cells per 484 



   

defined area of inflamed lung tissue. A strategy for quantification of human cell infiltration is 485 
illustrated in Figure 2E. The (optional) flow cytometric detection of fluorescently labeled cells 486 
within the BAL of recipient mice, as depicted in Figure 2F, can be used as a supplemental 487 
technique in order to confirm the successful tissue migration of adoptively transferred CD4+ T 488 
cells. Moreover, the preference of transferred human T cells for selective accumulation in 489 
inflamed lung tissue in the here described experimental setting was further supported by the 490 
fact that human CD4+ T cells could not be retrieved in the intestinal mucosa of recipient animals 491 
as depicted in Figure 2B (right panel).  492 
 493 
FIGURE AND TABLE LEGENDS:  494 
 495 
Figure 1: Schematic overview of the in vivo experimental workflow.  496 
(A) Allergic lung inflammation was induced in C57BL/6J mice by inhalation of papain 497 
(50 µg/mouse) on three consecutive days (d0, d1 and d2). The next day (d3), freshly isolated 498 
and fluorescently labeled human CD4+ T cells were adoptively transferred into mice via tail vein 499 
injection. After another three hours, mice were sacrificed, followed by in situ perfusion and 500 
fixation of the lungs. Finally, lungs were explanted and further analyzed ex vivo by light-sheet 501 
fluorescence microscopy. Optionally, BAL can be collected before lung explantation to perform 502 
extended ex vivo analyses of successfully extravasated and migrated human cells. (B) 503 
Representative histogram confirming the purity of the isolated CD4+ T cell fraction as 504 
determined by flow cytometry. Cells stained by an anti-human CD4 antibody or isotype control 505 
are displayed in black and grey, respectively. (C) Representative histogram confirming the 506 
efficacy of the fluorescence-labeling of human CD4+ cells prior to adoptive transfer. (D) 507 
Representative images of a perfused murine lung lobe before and after clearing with ECi. FI, 508 
fluorescence intensity. 509 
 510 
Figure 2: Representative analysis of the pulmonary accumulation of human CD4+ cells in the 511 
context of lung inflammation in vivo.  512 
Human CD4+ cells were isolated from peripheral blood using density gradient centrifugation 513 
followed by a magnetic microbead-based purification step. Human CD4+ cells were labeled 514 
using a red light-excitable cell proliferation dye and injected intravenously into papain-exposed 515 
C57BL/6J mice. After three hours, mice were sacrificed to collect and further analyze the lung 516 
tissue via light-sheet fluorescence microscopy. (A) Representative overview of a 3D 517 
reconstruction of murine, papain-exposed lung tissue (grey) three hours after intravenous 518 
injection of labeled human CD4+ cells (red) as recorded by light-sheet fluorescence microscopy. 519 
(B) Lung tissue of a recipient mouse three hours after cell transfer shown as overview or high 520 
magnification segment (left panel). Retrieved human CD4+ cells could be visualized as red 521 
signals and were either depicted in overlay with the autofluorescence signal of lung tissue or as 522 
single-channel image. In order to confirm the specificity of the detected signal, control lung 523 
tissue without intravenous cell transfer served as negative control (middle panel). In contrast to 524 
lung tissue, no labeled human CD4+ cells (red) could be detected in the ileum of the same 525 
recipient mouse (right panel). (C) Post image processing allows analysis of single slices of lung 526 
tissue as well as generation of 3D reconstructions of the whole organ segment that can be 527 
either represented as maximal intensity projection (MIP) or in surface mode. Representative 528 



   

images are depicted. (D) Quantification strategy is illustrated exemplarily in the same lung as 529 
already depicted in Figure 2A. Defined cubes of the analyzed lung segment were selected and 530 
the number of human CD4+ cells (red) was quantified for each cube. Results of a subsequently 531 
performed quantification (events/813 µm x 813 µm x 1000 µm cube) are indicated as 532 
mean ± SEM. (E) As an additional option, flow cytometric detection of fluorescently labeled 533 
human T cells in the BAL of recipient animals can be performed in order to confirm the 534 
successful tissue migration of accumulated human CD4+ T cells. BAL cells of the adoptively 535 
transferred mouse are displayed in red, BAL cells of a non-transferred control mouse in grey. 536 
 537 
Supplementary Video: Representative video sequence showing accumulated human CD4+ 538 
cells within the murine lung tissue. 539 
3D reconstruction of the murine lung displaying accumulated human CD4+ cells (red) within the 540 
context of the pulmonary tissue (grey) three hours after intravenous injection into the tail vein. 541 
Images are shown as MIP in the beginning and in the surface mode in the end. Images were 542 
acquired via light-sheet fluorescence microscopy and processed by post-imaging software for 543 
3D analysis.  544 
 545 
DISCUSSION:  546 
The here described experimental setting provides the opportunity to monitor the lung homing 547 
capacity of primary human immune cells under in vivo inflammatory conditions and thereby 548 
relevantly complements classically performed in vitro adhesion and chemotaxis assays. To take 549 
into account specific anatomic organ characteristics of the lung, important aspects of immune 550 
cell homing (including chemotaxis and cell distribution within the target organ) as well as the 551 
clinical relevance and transferability of acquired data, we took advantage of three technical key 552 
features: (1) the analysis of primary human cells within a living murine organism; (2) the 553 
papain-mediated induction of pulmonary inflammation; and (3) light-sheet fluorescence 554 
microscopy of cleared lung tissue.  555 
 556 
Although functional studies of adoptively transferred human immune cells within a living 557 
murine organism might be limited in some aspects due to potentially relevant incompatibilities 558 
in receptor-ligand-interactions between mice and men, the general concept of humanized 559 
mouse models has been established successfully as an important experimental tool in the field 560 
of translational medicine during the last decades24,32-35. Compared to classical animal models, 561 
studies in humanized mice offer the advantage to directly analyze patient-derived immune cells 562 
in an in vivo scenario and thereby to identify functional alterations imprinted by the particular 563 
disease32,36,37. Regarding the relevance of potential mismatches between defined receptors on 564 
the surface of human immune cells and their respective murine ligands or vice versa, former 565 
studies already indicated that human CD4+ T cells are able to interact efficiently with the 566 
murine adhesion molecules MAdCAM-1 and VCAM-1, which represent crucial ligands for 567 
integrin-mediated lymphocyte homing32. Accordingly, migration of intravascularly transferred 568 
human immune cells into murine gut tissue could successfully be blocked in vivo by treatment 569 

with the clinically used 47 integrin antibody vedolizumab32. However, even in case that a 570 
specific receptor-ligand-interaction of relevance might show a complete human/murine 571 
mismatch, it will presumably be possible to overcome this limitation by genetic engineering 572 



   

and, for instance, by transgenic overexpression of the respective human ligand, growth factor, 573 
cytokine or receptor within the murine organism33,35.  574 
 575 
As a significant influence of chronic inflammation on the local secretion of chemokines, the 576 
endothelial expression of adhesion molecules and the subsequent accumulation of lymphocytes 577 
has been described in numerous publications38-40, the choice of a suitable experimental model 578 
of pulmonary inflammation represented a critical step while establishing the above described 579 
protocol and might be adapted dependent on the clinical context of each individual study. The 580 
here selected setting of papain-induced allergic lung inflammation represents a well-described 581 
experimental model, which is based on the capacity of the locally administered cysteine 582 
protease papain to irritate the airway epithelium and trigger the subsequent release of 583 
alarmins27,41,42. Interestingly, accidental exposition to papain is known to cause asthma 584 
development in humans as well43. Dependent on the inhaled dose of papain, exposed mice 585 
show an accumulation of innate and adaptive immune cells and elevated levels of type 2 586 
cytokines in the lung27. While dose escalation turned out to result in an enlargement of 587 
airspaces (classic histological phenomenon of COPD) and a destruction of blood vessel walls 588 
with subsequent hemorrhage, moderate dosing schedules went along with a prominent 589 
pulmonary eosinophilia and thus mimicked an important histological feature of human 590 
asthma27. As our purpose was to use this experimental model to generate an inflammatory 591 
context for the analysis of pulmonary immune cell homing, we carefully tried to avoid papain-592 
induced damage of blood vessels, which might otherwise result in an unphysiological 593 
extravasation of human immune cells due to disturbed endothelial integrity. Accordingly, we 594 
selected an intermediate dose of 50 µg of papain per mouse per day in the above described 595 
protocol. Although development of papain-induced airway inflammation also occurs in the 596 
absence of B and T lymphocytes, lung infiltrating adaptive immune cells are known to impact 597 
significantly on the course of disease27,42. For instance, regulatory T cells could be identified as 598 
potent regulators of papain-induced airway eosinophilia27. In perspective, the active 599 
involvement of pulmonary lymphocytes in the inflammatory pathogenesis of papain-exposed 600 
mice implicates that the above described protocol might in addition enable to analyze the 601 
functional capacity of adoptively transferred and successfully lung-accumulated human 602 
immune cells to modulate lung pathology (e.g., via flow cytometric acquisition of eosinophilic 603 
counts in BAL). Furthermore, an additionally performed intranasal administration of selected 604 
disease-relevant human chemokines just prior to intravascular cell transfer might allow to 605 
analyze the impact of these humoral mediators on the lung homing process of distinct human 606 
immune cell populations in an in vivo setting. Likewise, the effect of inhibitors on the lung 607 
homing process and, subsequently, on inflammatory lung pathology can be studied. 608 
 609 
A particular advantage of the here introduced experimental procedure is the precise tracking 610 
and localization of lung infiltrating human immune cells by the high-end imaging quality of light-611 
sheet fluorescence microscopy. Recent studies already demonstrated that the technique of 612 
light-sheet fluorescence microscopy represents a valuable experimental tool for analysis of 613 
intestinal immune cell homing in translational IBD research and is able to overcome the main 614 
limitations of conventional immunofluorescence microscopy and flow cytometry24,32. While 615 
analyses based on conventional microscopy are usually restricted to a very small and potentially 616 



   

not representative area of the organ and flow cytometry does not take into account the aspect 617 
of tissue organization at all, light-sheet fluorescence microscopy of chemically cleared tissue 618 
allows an increased penetration depth without major loss of resolution and thus enables a 3D 619 
reconstruction of rather large organ sections (up to 1.5 cm x 1.5 cm)24,28,44. For sure, the quality 620 
and validity of acquired 3D reconstructions critically depend on the performance of tissue 621 
clearance. In the here described setting, we included a slightly adopted version of the recently 622 
published protocol for ECi-based tissue clearing44. Compared to other well established 623 
strategies for solvent-based tissue clearing26,45,46, the ECi-based protocol combines the 624 
advantages of excellent clearing properties, low toxicity of used reagents and a moderate time 625 
requirement44. As the capacity of standard light-sheet fluorescence microscopy to resolve finest 626 
tissue structures like alveolar capillaries is still limited even under optimal clearing conditions28, 627 
it might somehow be difficult to reliably differentiate between intravascular and already 628 
extravasated immune cells. The inclusion of an additional standard fluorescence-based blood 629 
vessel staining into the here described protocol would most probably not be able to fully 630 
overcome this limitation. Thus, studies with a particular focus on the behavior of immune cells 631 
within the pulmonary microcirculation or their diapedesis might preferentially take into 632 
account a recently published and very elegant protocol for intravital lung imaging based on 2-633 
photon microscopy47. In this experimental setting, a thoracic window was implanted into 634 
anesthetized and ventilated mice, through which the stabilized lung can be monitored by a 635 
resonant-scanning 2-photon microscopy module, allowing high-resolution imaging throughout 636 
the respiratory cycle upon preserved ventilation and perfusion47,48. This technique has been 637 
successfully applied in various studies and was able to visualize for instance intrapulmonary 638 
platelet biogenesis and the lung entrance of circulating tumor cells49,50. However, besides the 639 
requirement of sophisticated instrumental equipment (e.g., mouse ventilation system) and the 640 
need of extensive invasive manipulations in living animals (implantation of the thoracic window 641 
and intravital microscopy), the main limitation of this live lung microscopy system is the 642 
confined z-axis penetration. The performed lung surface imaging only allows analyzing the 643 
outer 100 µm of subpleural lung tissue47,48. Dependent on the scientific context, it might be a 644 
valuable option to implement 2-photon microscopy of the explanted lungs as an additional 645 
procedure into the above described protocol. Analyzing the same lung first by 2-photon 646 
microscopy and afterwards by light-sheet fluorescence microscopy might represent a strategy 647 
to obtain a quantitative overview of the distribution and localization of human immune cells 648 
within the murine lung (light-sheet fluorescence microscopy) and, at the same time, gain more 649 
detailed insights into cellular or microvascular processes (2-photon microscopy). Indeed, 2-650 
photon microscopy of murine tracheal explants represents an established imaging tool for 651 
analyzing immune cell behavior in the context of experimentally induced lung inflammation51,52. 652 
Instead of visualizing small pulmonary capillaries, the successful extravasation and lung tissue 653 
infiltration of the transferred human T cells in our experimental model can also be proven by 654 
detecting fluorescently labeled human cells within the BAL of recipient animals via flow 655 
cytometry as exemplarily depicted in Figure 2E. In general, analyses of the cellular BAL 656 
compartment represent a well-established method to characterize the pulmonary immune cell 657 
influx in the context of inflammatory respiratory diseases31. Finally, another flow cytometric 658 
strategy for quantifying the extravasation of adoptively transferred immune cells within lung 659 
tissue was described by Galkina et al. (2005)53 and could potentially be combined with the here 660 



   

described protocol. In the study by Galkina et al., a single intravenous injection of a 661 
fluorescence-conjugated anti-CD8 antibody shortly before resection of the lung resulted in an 662 
exclusive and complete labeling of before transferred CD8+ T cells within the lung vascular 663 
compartment, while already extravasated CD8+ T cells within the lung interstitium remained 664 
unstained. Subsequent analyses of in vivo labeled pulmonary immune cells were performed 665 
flow cytometrically after ex vivo digestion of lung tissue53. Of course, the process of tissue 666 
digestion means that the anatomic separation between the intra- and extravascular lung 667 
compartment is abrogated and, thus, there is a general risk of false-positive labeling of 668 
interstitial immune cells due to antibody leakage between both compartments. This risk can 669 
only be minimized by performing the tissue digestion in the presence of saturating amounts of 670 
unlabeled antibody53 or, potentially, by replacing flow cytometric analysis by light-sheet 671 
fluorescence microscopy, which makes it possible to completely avoid the destruction of tissue 672 
structure.  673 
 674 
In summary, the here introduced combination of in vivo fluorescence cell labeling and 675 
subsequent light-sheet fluorescence microscopy is able to reliably identify, quantify and localize 676 
lung accumulated human immune cells in an experimental mouse model of pulmonary 677 
inflammation. 678 
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Name of Material/ Equipment Company Catalog Number Comments/Description
Agarose NEEO Ultra Carl Roth GmbH + Co. KG, Karlsruhe, Germany 2267.4

AlexaFlour594 anti-human CD45 antibody BioLegend, San Diego, USA 304060

Ammonium chloride Carl Roth GmbH + Co. KG, Karlsruhe, Germany K2981

Cannula 21 G Becton, Dickinson and Company, Franklin Lakes, USA 301300

Cell proliferation dye eflour670 eBioscience Inc., San Diego, USA 65-0840-85

CD4 MicroBeads, human Miltenyi Biotech GmbH, Bergisch-Gladbach, Germany 130-045-101

EDTA (ethylenediaminetetraacetic acid) Carl Roth GmbH + Co. KG, Karlsruhe, Germany 8043.1

Potassium-EDTA blood collection tube, 9 ml Sarstedt AG & Co., Nümbrecht, Germany 21066001

Ethly cinnamate (ECi) Sigma-Aldrich, Steinheim, Germany 112372-100G

Ethanol ≥ 99.5 % (EtOH) Carl Roth GmbH + Co. KG, Karlsruhe, Germany 5054.3

FBS (fetal bovine serum) Good Forte PAN-Biotech GmbH, Aidenbach, Germany P40-47500

Filter 100 µm VWR International Germany GmbH, Darmstadt, Germany 732-2758

Imaris Image Analysis Software 9.0.2 Bitplane AG, Zurich, Switzerland n.a.

ImspectorPro software Abberior Instruments GmbH, Göttingen, Germany n.a.

Ketamin Inresa Arzneimittel GmbH, Freiburg, Germany 3617KET-V

LaVision UltraMicroscope II LaVision BioTec GmbH, Bielefeld, Germany n.a.

MACS MultiStand Miltenyi Biotech GmbH, Bergisch-Gladbach, Germany 130-042-303

Multifly cannula 20 G Sarstedt AG & Co., Nümbrecht, Germany 851638035

30 G needle B. Braun Melsungen AG, Melsungen, Hessen, Germany 9161502

Neubauer counting chamber neoLab Migge GmbH, Heidelberg, Germany C-1003

Pattex Glue Henkel AG & Co, Düsseldorf, Germany PSK1C

LS column Miltenyi Biotech GmbH, Bergisch-Gladbach, Germany 130-042-401

Lymphocyte Separation Media (Density 1,077 g/ml) anprotec AC-AF-0018

RPMI medium (Gibco) Life Technologies GmbH, Darmstadt, Germany 61870-010

Papain Merck 1,071,440,025

PBS Dulbecco (phosphate buffered saline) Biochrom GmbH, Berlin, Germany L182-10

PerCP/Cy5.5 anti-human CD4 BioLegend, San Diego, USA 317428

PerCP/Cy5.5 mouse IgG2b, κ isotype Ctrl BioLegend, San Diego, USA 400337

PFA (paraformaldehyde) Carl Roth GmbH + Co. KG, Karlsruhe, Germany 0335.1

Potassium hydrogen carbonate Carl Roth GmbH + Co. KG, Karlsruhe, Germany P7481

Serological pipette 10 ml Sarstedt AG & Co., Nümbrecht, Germany 86.1254.001 

Syringe 1 ml B. Braun Melsungen AG, Melsungen, Hessen, Germany 9166017V

Syringe 5 ml Becton, Dickinson and Company, Franklin Lakes, USA 260067

Syringe 20 ml Becton, Dickinson and Company, Franklin Lakes, USA 260069
Tube 1.5 ml Sarstedt AG & Co., Nümbrecht, Germany 72,706,400

Tube 2 ml Sarstedt AG & Co., Nümbrecht, Germany 72.695.400 

Tube 2 ml, brown Sarstedt AG & Co., Nümbrecht, Germany 72,695,001

Tube 15 ml Sarstedt AG & Co., Nümbrecht, Germany 62.554.502 

Tube 50 ml Sarstedt AG & Co., Nümbrecht, Germany 62.547.254 

QuadroMACS Separator Miltenyi Biotech GmbH, Bergisch-Gladbach, Germany 130-090-976

Xylazin (Rompun 2%) Bayer Vital GmbH, Leverkusen, Germany KPOBD32
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Point-by-Point-Reply 

Editorial comments: 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there 

are no spelling or grammar issues. 

We confirm that we carefully proofread our manuscript. 

2. Please revise the protocol to contain only action items that direct the reader to do 

something (e.g., “Do this,” “Ensure that,” etc.). The actions should be described in the 

imperative tense in complete sentences wherever possible. Avoid usage of phrases such as 

“could be,” “should be,” and “would be” throughout the Protocol. Any text that cannot be 

written in the imperative tense may be added as a “Note.” Please include all safety 

procedures and use of hoods, etc. However, notes should be used sparingly and actions 

should be described in the imperative tense wherever possible. 

The revised version of our protocol exclusively contains sentences written in the imperative 

tense. We avoided the use of terms like “could be”, “should be” and “would be”. Some few 

more notes were included into the protocol.  

3. JoVE cannot publish manuscripts containing commercial language. This includes 

trademark symbols (™), registered symbols (®), and company names before an instrument or 

reagent. Please remove all commercial language from your manuscript and use generic 

terms instead. All commercial products should be sufficiently referenced in the Table of 

Materials and Reagents. You may use the generic term followed by “(see table of materials)” 

to draw the readers’ attention to specific commercial names. Examples of commercial 

sounding language in your manuscript are: eFluor, Imaris, Bitplane, etc. 

The following terms have either been deleted or replaced by generic terms: MicroBeads, 

human (Miltenyi Biotec), eFluor 670, LaVision UltraMicroscope II Light Sheet Microscope, 

ImspectorPro software, Imaris (Bitplane), Fiji. 

4. 2.1.1-2.1.3: Please write the text in the imperative tense. Any text that cannot be written 

in the imperative tense may be added as a “Note.” 

We optimized the text of the indicated paragraphs as recommended.  

5. 4.5: Please specify the rotation speed. 

We use a rotation speed of 31 rpm. This information has now been included into the 

protocol.  

6. 5.2 and sub-steps: Please add more specific details (e.g. button clicks for software actions, 

numerical values for settings, etc.) to your protocol steps. For instance, what zoom factor is 

considered to be appropriate (5.1.6)? What sheet width is selected (5.1.7)? What are the 

start and end positions of the z-stack (5.1.10)? 
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More specific details including step-by-step bottom clicks in the software were now added 

to the section “5.2 Adjust settings at the light-sheet microscope to detect human cells in the 

context of the whole organ”. Additionally, numerical values for low and high magnification 

(6.3x and 32x, respectively), sheet NA (20 – 40 %) and the number of z-stack (300 - 800) are 

now indicated. However, ranges rather than exact values were chosen, since exact values 

critically depend on the specific tissue size and its positioning within the sample chamber 

and have to be determined for a specific experiment individually. 

7. Please combine some of the shorter Protocol steps so that individual steps contain 2-3 

actions and maximum of 4 sentences per step. 

As suggested by the editors, we combined several of the shorter Protocol steps. 

8. Please include single-line spaces between all paragraphs, headings, steps, etc. 

The format was adopted accordingly.  

9. After you have made all the recommended changes to your protocol (listed above), please 

highlight 2.75 pages or less of the Protocol (including headings and spacing) that identifies 

the essential steps of the protocol for the video, i.e., the steps that should be visualized to 

tell the most cohesive story of the Protocol. 

We have highlighted selected steps that should be visualized (about 2.5 pages).  

10. Please highlight complete sentences (not parts of sentences). Please ensure that the 

highlighted part of the step includes at least one action that is written in imperative tense. 

Please do not highlight any steps describing anesthetization and euthanasia. 

All aspects have been considered. 

11. Please include all relevant details that are required to perform the step in the 

highlighting. For example: If step 2.5 is highlighted for filming and the details of how to 

perform the step are given in steps 2.5.1 and 2.5.2, then the sub-steps where the details are 

provided must be highlighted. 

We confirm that all relevant details have also been highlighted. 

12. Figure 2: The labels on the scale bars are hard to read; please either enlarge or define the 

scale bars in the figure legend. 

As suggested, we replaced and enlarged the scale bars. 

13. References: Please do not abbreviate journal titles. 

We now included full journal titles into References. 



Comments provided by Reviewer #1: 

Manuscript Summary: 

Schulz-Kuhnt et al. describes a method of using light sheet microscopy to image lungs of 

immunodeficient animals with airway inflammation and added purified human T cells. This 

follows a model published by these authors describing a similar method imaging T cells in 

the gut. 

Major Concerns: 

While the introduction focuses on homing of T cells, it is not clear how this method can shed 

additional light on T cell homing to specific areas of the lung, especially as homing is dynamic 

and this study uses fixed tissue.  

We thank the reviewer for thoroughly assessing our manuscript and providing helpful 

comments. The here described transfer of human T cells into recipient mice in combination 

with subsequently performed light-sheet fluorescence microscopy can indeed serve as a 

valuable tool to monitor lung homing of primary human immune cells, as the systemic 

circulation and organ distribution of transferred cells occurs within the living animal prior to 

tissue fixation. As described within the first NOTE of step 4 of our protocol, recipient mice 

were sacrificed only 3 hours after the transfer of human T cells, indicating that there is a 

period of 3 hours, in which in vivo lung homing is supposed to take place. Fixation of lung 

tissue is performed only in already sacrificed animals (see step 4.3 of our protocol) and 

allows to preserve the before in vivo achieved status of pulmonary immune cell infiltration.  

Many studies have using live imaging of lung intravitally to image immune cells in lung (see 

Lefrancais Nature 2017; Headley Nature 2016; Looney and Bhattacharya ARP 2014). These 

methods have also been used to image inflamed lung during airway inflammation (Hammad 

et al. Nat Med 2009; Bose et al. Plos One 2015), just to name a few. Additionally, new 

methods to image lung with light sheet microscopy have been published (Erturk et al. JOVE 

2014; Mzinza et al. Cellular and Molecular Biology 2018). Note the publication in JOVE 2014. 

There is no reference to these other studies and how this method complements other 

methods of imaging lung. 

The Introduction and Discussion of our manuscript have now been revised taking into 

account this comment. Indeed, the suggested discussion of the above mentioned 

publications relevantly improved the embedding of our manuscript into the current scientific 

context.  

Besides light-sheet fluorescence microscopy, 2-Photon microscopy represents another very 

powerful tool for advanced lung imaging, which allows a detailed visualization of immune 

cells within the pulmonary microcirculation, but is clearly limited by a confined z-axis 

penetration. In contrast, the here applied light-sheet fluorescence microscopy of chemically 

cleared tissue shows a deep tissue penetration and thereby allows to quantify and describe 



the intrapulmonary distribution of infiltrating immune cells within a complete pulmonary 

lobe. Accordingly, we now discuss that sequential performance of 2-photon microscopy and 

light-sheet fluorescence microscopy might represent a beneficial strategy to obtain, in the 

same experiment, a quantitative overview of the distribution and localization of human 

immune cells within the murine lung (light-sheet fluorescence microscopy) and, in addition, 

gain more detailed insights into cellular or microvascular processes (2-photon microscopy). 

Compared to other studies, which already introduced light-sheet fluorescence microscopy as 

an advanced imaging tool in the field of pulmonology, our protocol shows the unique feature 

that it allows to characterize the lung accumulation and intrapulmonary distribution of 

primary human immune cells under experimentally defined inflammatory conditions. Thus, it 

combines the advantages of light-sheet fluorescence microscopy with the chance to directly 

analyze patient-derived immune cells in an in vivo scenario and thereby to potentially 

identify functional alterations imprinted by a particular disease or therapeutic regimens.  

Light sheet microscopy depends on tissue clearing, and there are many methods that have 

different effects on tissue architecture. 4.7 does not specify what type of tissue clearing was 

used. There should be discussion of how tissues were cleared and how clear the tissue 

looked. An image of cleared lung would be helpful. 

We have now specified the type of applied tissue clearing (“solvent-based clearing of the 

tissue using ethyl cinnamate”) within the protocol and included a photo of successfully 

cleared lung tissue into Figure 1. Moreover, some important advantages of ethyl cinnamate-

based protocols for tissue clearing have been described in the Discussion of the revised 

manuscript. 

In the microscopy section it would be useful to be more quantitative. For example, 5.1.6 

states "use low magnification", meaning 4X? 10X? More specificity would be helpful.   

We thank the Reviewer for indicating this valid point. As suggested, we included more 

details in the microscopy section (see 5.2) including applied zoom factors (6.3x for low 

magnification and 32x for high magnification), sheet NA (20 - 40 %) and the number of z-

stacks (300 - 800) that were usually acquired. We hope that these new details will improve 

reproducibility of our protocol. 

Human T cells tend to be larger than mouse T cells, could this impact retention of T cells in 

small capillaries in lung? There is no quantitation or imaging of small vessels or which T cells 

remain in capillaries versus have extravasated. There should be some demonstration that 

these two populations can be distinguished. 

It still remains challenging to image small pulmonary capillaries reliably via light-sheet 

fluorescence microscopy, even upon optimal clearing conditions. However, there exist 

alternative experimental strategies, which can be applied to confirm, characterize and/ or 

quantify extravasation of transferred human immune cells. These strategies (e.g. sequential 



performance of 2-photon microscopy and light-sheet fluorescence microscopy) have now 

been discussed more extensively in the revised version of the manuscript.  

In order to experimentally address the Reviewers’ concern that the larger size of human T 

cells and their potential mechanical retention within small lung capillaries might underlie the 

described accumulation of transferred human cells within the murine lung, we now 

performed a competitive transfer of human and murine immune cells into the same 

recipient animal. The acquired results are depicted below (Point-by-Point-Reply Figure 1) 

and clearly indicate that the intrapulmonary distribution pattern did not differ between 

transferred murine and human immune cells. For sure, the number of lung accumulated 

human cells was not higher than the number of murine cells, arguing against mechanical 

retention of human cells within murine lung capillaries.  

 

 

 

 

 

 

 

 

Point-by-Point-Reply Figure 1: Competitive lung homing of human and murine immune cells. Mice with 

papain-induced airway inflammation were injected i.v. with a 50:50 mix of differently labeled human and 

murine cells. Human lymphoid cells derived from peripheral blood were stained with a cell proliferation dye 

with a peak emission of 670 nm. Murine spleen cells were stained with a cell proliferation dye with a peak 

emission of 580 nm. After 3 h, lung tissue was harvested and further prepared for light-sheet fluorescence 

microscopy. (A) Representative flow cytometric plot confirming equal amounts of differently labeled human 

(red) and murine lymphoid cells (green) within the prepared cell suspension prior to injection. (B) 

Representative 3D reconstructions of murine lungs imaged via light-sheet fluorescence microscopy. Scale bars 

represent 300 µm. Results are representative for n = 2. FI, fluorescence intensity. 

 

In the Discussion of the revised manuscript, we now mention  an interesting flow cytometric 

strategy for quantifying the extravasation of adoptively transferred immune cells within lung 

tissue (Galkina et al.; 2005). In this study, a single intravenous injection of a fluorescence-

conjugated anti-CD8 antibody shortly before resection of the lung resulted in an exclusive 

and complete labeling of before transferred CD8+ T cells within the lung vascular 

compartment, while already extravasated CD8+ T cells within the lung interstitium remained 

unstained. Adapted to this experimental concept, we now performed a first pilot 
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experiment, in which we performed a single intravenous injection of a fluorescent cell 

proliferation dye shortly before resection of the lung. The used fluorophore differed from 

the one used for ex vivo labeling of human cells prior to transfer. Thus, intravascular human 

cells (double-positive for both fluorophores) could potentially be distinguished from 

extravasated human cells (single positive for the fluorophore, which was used for ex vivo 

labeling of human cells prior to transfer). As depicted in Point-by-Point-Reply Figure 2A, the 

vast majority (> 90 %) of human cells within the blood of recipient mice could indeed be 

characterized as double positive, thus confirming a successful labeling with the intravenously 

injected proliferation dye. Interestingly, subsequently performed light-sheet fluorescence 

microscopy of perfused and cleared lung tissue demonstrated that all retrieved human 

immune cells turned out to be negative for the intravenously injected proliferation dye 

(Point-by-Point-Reply Figure 2B), implicating that these cells had successfully left the 

pulmonary vasculature.  

 

 

 

 

 

 

 

Point-by-Point-Reply Figure 2: Lung homing of i.v. injected human CD4+ cells in the described in vivo airway 

inflammation model. 1 x 106 labeled human CD4+ cells were injected i.v. into C57BL/6J mice with papain-

induced airway inflammation. 3 h after the adoptive cell transfer, a cell proliferation dye with a different peak 

emission was injected i.v. to label intravascular cells. Afterwards, mice were sacrificed and murine blood and 

lung tissue were analyzed via flow cytometry and light-sheet fluorescence microscopy, respectively. (A) 

Representative flow cytometric plot gated on labeled human CD4
+
 cells in the murine blood. (B) Representative 

3D reconstruction of murine lung tissue showing extravasated human CD4+ cells in green and intravascular cells 

stained with the i.v. injected dye in red. FI, fluorescence intensity. 

 

 

Comments provided by Reviewer #2: 

Manuscript Summary: 

The manuscript described a technique to image lung infiltration of T cells. The similar lung 

fixation has been reported before. The light-sheet fluorescence microscopy looks like new to 

image the lung, but this microscopy has been described. 
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We would like to thank the reviewer for providing us with helpful comments. In the revised 

version of the manuscript, it has now been clearly stated that light-sheet fluorescence 

microscopy has already been established successfully as an important tool for advanced lung 

imaging. Moreover, we now refer to already published protocols describing in situ lung 

fixation. 

Major Concerns: 

The title of manuscript is confusing and not correct. In the study, the authors used C57 mice 

rather humanized mice. Secondly, there is not quantitative analysis of images, so it is 

confusing to use "Quantitative imaging" term. 

We have changed the title of our manuscript, taking into account the Reviewers’ concerns. 

 

 

Comments provided by Reviewer #3: 

Manuscript Summary: 

This is a very interesting study where the authors were able to demonstrate in vivo 

monitoring of human lymphocytes infiltration into the lungs with induced inflammation in a 

mouse model. 

We thank the Reviewer for this positive feedback. 

Major Concerns: 

none 

 

Minor Concerns: 

1. minor editing of the manuscript is required. 

We now prepared a carefully revised version of our manuscript, which includes a slightly 

extended Discussion, additional subfigures and some clarifications regarding the described 

experimental procedure. Overall, we hope that we were able to further improve the quality 

of our manuscript. 

2. not sure why some parts of the manuscript was highlighted with yellow color. Please 

remove the highlight during revision. 

Based on the JoVE guidelines for manuscript preparation, we highlighted parts of the 

Protocol in order to indicate the essential steps of the protocol, which should later be 

visualized in the video. As this highlight is necessary for the further editorial processing of 

our manuscript, we did not remove it. 


