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19 SUMMARY:
20  We describe a method to visualize GFP-labeled yd IELs using intravital imaging of murine small
21 intestine by inverted spinning disk confocal microscopy. This technique enables the tracking of

22 live cells within the mucosa for up to 4 h and can be used to investigate a variety of intestinal
23 immune-epithelial interactions.
24

25  ABSTRACT:

26  Intraepithelial lymphocytes expressing y0 T cell receptor (yd IEL) play a key role in immune
27  surveillance of the intestinal epithelium. Due in part to the lack of a definitive ligand for the y0 T
28  cell receptor, our understanding of the regulation of Yo IEL activation and their function in vivo
29 remains limited. This necessitates the development of alternative strategies to interrogate
30 signaling pathways involved in regulating yd IEL function and the responsiveness of these cells to
31 the local microenvironment. Although ¥0 IELs are widely understood to limit pathogen
32  translocation, the use of intravital imaging has been critical to understanding the spatiotemporal
33  dynamics of IEL/epithelial interactions at steady-state and in response to invasive pathogens.
34  Herein, we present a protocol for visualizing IEL migratory behavior in the small intestinal mucosa
35 ofaGFPY3Tcell reporter mouse using inverted spinning disk confocal laser microscopy. Although
36 the maximum imaging depth of this approach is limited relative to the use of two-photon laser-
37  scanning microscopy, spinning disk confocal laser microscopy provides the advantage of high
38 speed image acquisition with reduced photobleaching and photodamage. Using 4D image
39 analysis software, T cell surveillance behavior and their interactions with neighboring cells can
40 be analyzed following experimental manipulation to provide additional insight into IEL activation
41  and function within the intestinal mucosa.
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Intraepithelial lymphocytes (IEL) are located within the intestinal epithelium, and are found both
along the basement membrane and between adjacent epithelial cells in the lateral intercellular
spacel. There is approximately one IEL for every 5-10 epithelial cells; these IELs serve as sentinels
to provide immune surveillance of the large expanse of the intestinal epithelial barrier?. IELs
expressing the yd T cell receptor (TCR) comprise up to 60% of the total IEL population in the
murine small intestine. Studies in y5 T-cell-deficient mice demonstrate a largely protective role
of these cells in response to intestinal injury, inflammation and infection3>. Despite the
generation of the Tcrd knockout mouse®, our understanding of y5 IEL biology remains limited due
in part to the fact that ligands recognized by the v TCR have yet to be identified”’. As a result, the
lack of tools to study this cell population has made it difficult to investigate the role of yd TCR
activation and function under physiological and pathological conditions. To fill this gap, we have
developed live imaging techniques to visualize Yo IEL migratory behavior and interactions with
neighboring enterocytes as a means to provide additional insight into yo IEL function and
responsiveness to external stimuli in vivo.

Over the last decade, intravital imaging has significantly expanded our understanding of the
molecular events involved in multiple facets of intestinal biology, including epithelial cell
shedding®, regulation of epithelial barrier function®!?, myeloid cell sampling of luminal
contents!1?, and host-microbe interactions'%'316 |n the context of IEL biology, the use of
intravital microscopy has shed light on the spatiotemporal dynamics of IEL motility and the
factors mediating their surveillance behavior®3-16, The development of TcrdH2BeGFP (TcrdEGFP)
reporter mice, which labels vy IELs by nuclear GFP expression?’, revealed that yd IELs are highly
motile within the epithelium and exhibit a unique surveillance behavior that is responsive to
microbial infection!”1314, Recently, another y8 T cell reporter mouse was developed (Tcrd-GDL)
which expresses GFP in the cytoplasm to allow visualization of the entire cell'®. Similar
methodology has been used to investigate the requirement of specific chemokine receptors, such
as G protein—coupled receptor (GPCR)-18 and -55, on the dynamics of IEL motility!®?0. In the
absence of a cell-specific reporter, fluorescent conjugated antibodies against CD8a were used to
visualize and track IEL motility in vivo>?°. Although two-photon laser scanning microscopy is
commonly used for intravital imaging, the use of spinning disk confocal laser microscopy provides
unique advantages to capture high speed and high-resolution multi-channel images with minimal
background noise. This technology is ideal to elucidate the spatiotemporal dynamics of
immune/epithelial interactions within the complex microenvironment of the intestinal mucosa.
Moreover, through the use of various transgenic and/or knockout mouse models, these studies
can provide insight into the molecular regulation of intestinal immune and/or epithelial cell
function.

PROTOCOL

All studies were conducted in an Association of the Assessment and Accreditation of Laboratory
Animal Care (AALAC)-accredited facility according to protocols approved by Rutgers New Jersey
Medical School Comparative Medicine Resources.

1. Mouse preparation
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NOTE: The following procedure, including animal preparation and surgery, will take 30-40 min.
Prior to the surgery, turn on the microscope and warm up the enclosed incubator on the
microscope to 37 °C.

1.1 Perform experiments on 8-10 weeks old TcrdEGFP mice on a C57BL/6 background, which
were obtained from Bernard Malissen (INSERM, Paris, France). According to IACUC-approved
procedure, anesthetize the mouse by i.p. injection of ketamine (120 mg/kg) and xylazine (10
mg/kg) based on the weight of the animal. Evaluate the level of anesthesia by respiration rate
(55-65 breaths per minute)??, toe pinch and palpebral reflex.

1.2 Once surgical plane anesthesia is reached, secure the hind legs of the mouse using tape to a
heating pad to maintain body temperature, which can be monitored by rectal thermometer. If
there are signs that the anesthesia is wearing off (e.g., increased respiration rate, blinking and/or
eye muscle twitching response to palpebral reflex), re-administer ketamine/xylazine until the
mouse is fully sedated.

1.3 Prepare the nuclear dye by diluting 50 L of Hoechst 33342 (10 mg/mL) with 315 pL of 0.9%
saline; the final concentration is 37.5 mg/kg based on the weight of the mouse (200 pL
approximate volume). Once the mouse is anesthetized, slowly inject the Hoechst using a
tuberculin syringe through the retro-orbital venous sinus.

NOTE: Wait 1-2 min before proceeding to the next step to allow the mouse to acclimate to the
change in circulating volume following retro-orbital injection.

2. Mouse surgery: Laparotomy to expose intestinal mucosa

2.1 Make a 2 cm vertical incision through skin and peritoneum along the midline of the lower
abdomen to externalize the region of intestine to be imaged.

2.2 Using angled forceps, carefully pull the cecum out of the peritoneal cavity and identify the
area of small intestine to be imaged. Be careful not to tear mesenteric blood vessels during this
process. To minimize potential damage or bleeding, avoid grabbing or pinching the intestine with
the forceps.

2.3 Locate a suitable region of small intestine (2-3 cm) for imaging that contains minimal fecal
contents. Carefully return the cecum and remaining small intestine into the peritoneal cavity,
while leaving the segment of interest externalized.

NOTE: Avoid puncturing the cecum or disrupting the mesenteric vasculature during this step.
2.4 Place two pairs of forceps on either side of the underlying mesentery between blood vessels,

and gently rub the tips of the forceps together to create a hole in the membrane (Figure 1)?2. This
will allow the needle to pass through the mesentery when closing the peritoneal cavity beneath
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the intestine.

2.5 Close the incision while keeping the loop of intestine externalized. Using angled forceps and
a curved, taper point needle attached to a 5 cm suture, penetrate one side of the peritoneum,
go through the hole made in the previous step, and up through the other side of the peritoneal
lining. Place one suture at the top, and another near the bottom of the incision.

NOTE: Avoid damaging the vasculature during this step.

2.6 Repeat this process to close the skin beneath the intestinal loop, by placing one suture in the
middle of the incision, between the previous sutures in the underlying peritoneum.

NOTE: It isimportant to only externalize the area that is to be imaged; this will reduce extraneous
motion during imaging. Be sure to avoid tying off the mesenteric arteries.

2.7 Use an electrocautery to make a line of perforation along the anti-mesenteric border.
Immediately after cauterization, apply a few drops of water to the surface of the intestine to
prevent additional heat-induced tissue damage. Blot with a Kimwipe to remove residual water.

2.8 Cut a small horizontal slit at the distal edge of the cauterized tissue using Vannas scissors and
proceed to cut along the length of the cauterized line toward the proximal end of the externalized
tissue segment (approximately 1.5 cm in length) to expose the mucosal surface.

NOTE: If necessary, use forceps to gently remove any excess fecal content remaining on the
exposed mucosal surface.

2.9 Cover the abdomen of the mouse with a moist Kimwipe to prevent the tissue from becoming
dehydrated. Place a small amount of lubricant over the eyes to prevent them from drying out.
Transport the mouse to the microscope in a covered vessel.

3. Image acquisition by spinning disk confocal microscopy

3.1 Pipette 150 pL of 1 uM AlexaFluor 633 in HBSS onto the glass coverslipped bottom of a 35
mm dish. Position the mouse so that the opened mucosal surface directly contacts the coverslip.

3.2 Tilt the head of the microscope back and place the mouse on the coverslipped dish on the
imaging stage in a pre-warmed incubator. Alternatively, cover the mouse by a heating blanket to
maintain body temperature.

3.3 Launch imaging software. The excitation intensity and exposure time for each laser should
not exceed 10-15 mW or 120-150 ms, respectively, to avoid photobleaching and to minimize the
interval between time points. Adjust the frame average to “2” and turn on the EM gain function
to reduce background noise. Select 63X objective calibration to ensure the correct measurement
of pixel size.
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NOTE: The settings detailed above are meant to provide an initial reference, but will vary
depending on individual microscope configurations.

3.4 Using the 405 nm laser and the 20X air objective, visualize the nuclei to locate a field of villi
that lack noticeable movement or drift by eye. Avoid areas of artifactual movement due to
respiration, peristalsis or heartbeat.

3.5 Using the XY scan, record the XY coordinate of the field of interest and switch to the glycerol
immersion 63X objective.

3.6 Confirm that the villi in the selected field are stable by acquiring a live image on the 405 nm
channel for up to 1 min.

3.7 While acquiring a live image on the 405 nm channel, adjust the focus to find the orthogonal
plane just beneath the villous tip. Acquire Z-stacks starting from the just below the villous tip
epithelium down the villus until it is difficult to resolve the nuclei, about 15-20 um, using a 1.5
um step.

NOTE: When imaging with three channels (405, 488, 640 nm) using the exposure times described
above, it is possible to acquire all three channels sequentially at approximately 20 s intervals.

3.8 Open the software in analysis mode, 3-5 min after beginning the acquisition, to confirm the
image stability and yd IEL motility. Continue to acquire images for 30-60 min for each field of villi.
Record 2-3 fields for each mouse. While imaging, monitor the mouse every 5 min.

NOTE: If the anesthesia begins to wear off, use forceps to gently scruff the neck of the mouse to
administer 50 pL of ketamine/xylazine at a time. Continue to monitor anesthesia levels and re-
administer when necessary.

3.9 It is not advisable to image a single mouse for longer than 4 h. Once image acquisition is
complete, sacrifice the mice by cervical dislocation followed by bilateral pneumothorax.

4. 4D analysis of images

4.1 Directly import imaging files to 4D rendering software.

4.2 Create individual Surfaces for IELs and the lumen, then track the surfaces over time using the
parameters outlined in Table 1 as an initial reference. For the IELs, enable Split touching objects
using the seed point diameter indicated.

4.3 Use the autoregressive tracking algorithm to determine IEL motility. Although the tracking

algorithm is relatively accurate, it is imperative to visually inspect tracks for each individual IEL.
If atrack is incorrect, correct it using the Disconnect and Connect functions under the Edit Tracks
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tab.

4.4 To determine the distance from each IEL to the lumen, select the lumen Surface and perform
Distance Transformation function under the Tool menu. When prompted, select Outside Surface.
Once calculated, the distance transformation will be displayed as the 4th channel.

4.5 Filter the Intensity min of the 4th channel to select yd IELs that are within the lateral
intercellular space (LIS). This value should be close to 15 um, based on the height of a columnar
epithelial cell. The percent of total yd IELs within this range are reported as the frequency of
v0 IELs in the LIS.

4.6 For further analysis, export statistical data including: IEL track speed, track displacement,
track straightness and track length. Alternatively, analyze data using the Vantage module.
Depending on the experiment, obtain additional metrics from the acquired data, including dwell
time within the LIS or IEL/epithelial interactions.

REPRESENTATIVE RESULTS
Using intravital imaging of TcrdEGFP reporter mice, we have previously shown that y3 IELs exhibit
a dynamic surveillance behavior, in which they patrol the epithelium by migrating along the

basement membrane and into the lateral intercellular space (LIS) at steady state (Figure 2, Movie
1).

This approach can also be used to evaluate how the inhibition of specific cell signaling pathways
and/or receptors influences yd IEL migratory behavior. For example, interleukin (IL)-15 is a
pleiotropic cytokine that is essential for yd IEL homeostasis?>?*. To determine whether IL-15
signaling through IL-2R[} receptor contributes to the kinetics of yd IEL motility at steady state,
TcrdEGFP reporter mice were imaged 2 h following administration of anti-IL-2R[3 antibody (TM-
1) or isotype 1gG2b control. The colored tracks indicate the migratory paths of individual yd IELs
over the course of 30 min (Figure 3A). Although the frequency of y3 IELs in the LIS was increased
in mice treated with TM-B1 (Figure 3A,B), more than 30% of these yo IELs exhibited an idling
behavior (Figure 3A,C). Idle yd IELs were defined by imposing upper limits on track straightness
and track displacement length. This idling phenotype was confirmed by a significant reduction in
both the instantaneous speed and confinement ratio of yd IELs following IL-2Rf3 blockade relative
to control (Figure 3D,E). Further, the idle yd IELs have longer dwell times and were more
frequently localized within the LIS compared to motile yd IELs (Figure 3F).

FIGURE LEGENDS:
Figure 1: Using forceps to create a hole in the mesentery. Place forceps on either side of the
membrane to create a hole for the sutures.

Figure 2: Representative 3D image of ¥ IELs in the jejunum. A single time point was selected
from a time-lapse video of taken of the jejunal mucosa of a TcrdEGFP reporter mouse at steady-
state. Y0 IELs are shown in green, nuclei in white and the lumen in red. Scale bar, 30 um.
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Figure 3: Inhibition of IL-2RP induces yd IEL idling in the lateral intercellular space. This figure
has been adapted from “Epithelial IL-15 Is a Critical Regulator of yo Intraepithelial Lymphocyte
Motility within the Intestinal Mucosa.” by Hu, M. D. et al. 2018, J Immunol, 201 (2), p. 747-756.%°
Copyright 2018 by the American Association of Immunologists, Inc. (A) Time-lapse images
showing migrating GFP yd IELs within the jejunal villous epithelium following 2 h treatment with
0.45 mg of 1gG2b or TM-B1. The motility of individual y5 IELs (green) over the course of 30 min
are shown with colored tracks. Nuclei are shown in white, and the lumen is shown in red. Scale
bars, 20 um. (B) Frequency of yd IELs in the LIS (n = 3 mice per treatment, n = 6—7 videos). (C)
Percentage of Yo IELs that were idle in IgG2b- or TM-B1-treated mice. (D) Instantaneous speed
(n = 13,299 and 9,600 time points). (E) Track confinement ratios (n = 350 and 278 tracks) are
shown. (F) Distance of idle and motile Yo IELs from the lumen. Mean + SEM is shown (+). *p<0.05,
**<0.01, #p<0.0001.

Table 1: Representative settings for generating Y0 IEL and luminal “Surfaces” in Imaris. These
settings can be used as a starting point when generating and tracking Surfaces of the 488 nm
channel (IEL) and 640 nm channel (lumen). Depending on experimental conditions, these settings
may need to be modified.

Movie 1: Intravital imaging of GFP yd IEL migratory behavior in mouse jejunum. Time-lapse
intravital microscopy of ¥ IEL motility in jejunum from a TcrdEGFP mouse treated with 0.45 mg
of 1gG2b. yd IELs are shown in green, nuclei in blue, and the lumen in red. Scale bar, 20 um.
Frames were collected every 30 s for approximately 30 min. Movie is adapted from Hu, M. D. et
al. 2018%.

DISCUSSION

The development of intravital microscopy techniques has provided an unprecedented
opportunity to observe the reorganization of subcellular structures®°22, cell-cell interactions!??2°
and cell migratory behavior!3-1626 in otherwise inaccessible tissues. There has been a general lack
of tools to study the regulation and function of y3 IELs in vivo!®?7, and as a result, the use of
intravital imaging has opened new avenues of investigation regarding the molecular regulation
and functional characteristics of IEL populations'3620, v§ |ELs were previously presumed to be
stationary within the intestinal mucosa?®. However, further analysis demonstrated that these
cells are highly dynamic, but migrate more slowly than lymphocytes in secondary lymphoid
organs due to the tight confines of the epithelial compartment!3. Moreover, the use of in vivo
imaging has provided additional insight into the spatiotemporal dynamics of yd IEL surveillance
behavior, including the crosstalk between IELs and epithelial cells that drives y5 IEL motility and
function'®'e, Analysis of this migratory behavior has defined new metrics for IEL cellular
responses that would not have been accurately quantifiable using ex vivo or in vitro experiments.

Throughout the entire procedure, it is essential to continuously monitor the sedation level of the
mouse. Continuous administration of gas anesthesia (isoflurane) can be used as an alternative to
ketamine/xylazine. When performing the laparotomy, it is critical to keep the neurovascular
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supply intact to provide an accurate evaluation of the biology. Tying off mesenteric blood vessels
can lead to hypoxia and gradual necrosis of the tissue. In contrast, severing blood vessels will
result in bleeding into the exposed mucosa, which can reduce the fluorescence intensity of some
channels during imaging. If the IELs develop a rounded morphology and stop moving during
image acquisition, this may be due to a slight decrease in the body temperature of the mouse.
Placing temperature sensor close to the microscope stage ensures that the temperature at the
site of the exposed mucosa is maintained at 37 °C. Raising the temperature to 38-39 °C may be
necessary depending on the temperature stability of the incubation chamber.

Once the mouse has been positioned on the microscope stage, it can be difficult to identify fields
of villi that lack excessive movement due to peristalsis or contraction of adjacent blood vessels.
If this occurs, reposition the mouse within the dish or manipulate the mouse’s flanks externally
in an effort to tightly pack villi against the coverslip. Alternatively, the imaging field may become
more stable a few minutes after placing the mouse on the stage. If there is gradual XY drift during
the acquisition, this can be corrected using drift correction in the 4D rendering software by
selecting 4-5 nuclei that are present in different locations of the image throughout the time
course and tracking a Spot for each nucleus. Once the Spots have been generated, select Correct
Drift under the Edit Track menu to correct translational drift. It is important that the drift
correction be done prior to any other analysis, since this will alter the coordinates used to track
other objects in the image.

Although two-photon laser scanning microscopy allows for a wide depth of imaging that is useful
for penetrating deep into tissues?®, spinning disk laser confocal microscopy has its own unique
advantages for intravital imaging applications. Two-photon laser scanning microscopy relies on
photomultiplier tubes (PMT) that can detect only one pixel at a time with a quantum efficiency
of 40-50%. In contrast, spinning disk confocal laser microscopy uses an electron multiplication
(EM)CCD camera to directly detect up to a million pixels simultaneously, thus increasing the
qguantum efficiency to 95%. As a result, the potential for photobleaching and photodamage is
significantly reduced, while the increased acquisition speed maximizes temporal resolution when
imaging cell migration in more superficial tissues. Regardless of the imaging modality, this
surgical procedure is ideal for exposing the intestinal mucosa for imaging on an inverted
microscope.

With the increasing availability of mouse strains expressing fluorescent reporters, fluorescently-
labeled probes or fluorescent strains of microorganisms that have been generated in a multitude
of wavelengths, the combinations to evaluate in vivo intestinal responses in real-time are endless.
Not only can intravital imaging provide novel insight into cell-cell and host-microbe interactions,
but it can also highlight dynamic molecular and cellular processes in both epithelial and immune
cells under homeostatic or pathological conditions.

DISCLOSURES
The authors have nothing to disclose.

ACKNOWLEDGMENTS



349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392

This work is supported by NIH R21 AlI143892, New Jersey Health Foundation Grant, Busch
Biomedical Grant (KLE). We thank Madeleine Hu for her assistance in editing the manuscript and
providing the data shown in the representative results.

REFERENCES

1 Cheroutre, H., Lambolez, F. & Mucida, D. The light and dark sides of intestinal
intraepithelial lymphocytes. Nature Reviews Immunology. 11 (7), 445-456, doi:10.1038/nri3007,
(2011).

2 Hu, M. D. & Edelblum, K. L. Sentinels at the frontline: the role of intraepithelial
lymphocytes in inflammatory bowel disease. Current Pharmacology Reports. 3 (6), 321-334
(2017).

3 Chen, Y., Chou, K., Fuchs, E., Havran, W. L. & Boismenu, R. Protection of the intestinal
mucosa by intraepithelial gamma delta T cells. Proceedings of the National Academy of Sciences
USA.99(22), 14338-14343, d0i:10.1073/pnas.212290499 [pii], (2002).

4 Swamy, M. et al. Intestinal intraepithelial lymphocyte activation promotes innate antiviral
resistance. Nature Communications. 6 7090, doi:10.1038/ncomms8090, (2015).
5 Dalton, J. E. et al. Intraepithelial gammadelta+ lymphocytes maintain the integrity of

intestinal epithelial tight junctions in response to infection. Gastroenterology. 131 (3), 818-829
(2006).

6 Mombaerts, P. et al. Spontaneous development of inflammatory bowel disease in T cell
receptor mutant mice. Cell. 75 (2), 274-282 (1993).

7 Willcox, B. E. & Willcox, C. R. gammadelta TCR ligands: the quest to solve a 500-million-
year-old mystery. Nature Immunology. 20 (2), 121-128, doi:10.1038/s41590-018-0304-y, (2019).
8 Marchiando, A. M. et al. The epithelial barrier is maintained by in vivo tight junction
expansion during pathologic intestinal epithelial shedding. Gastroenterology. 140 (4), 1208-1218
€1201-1202, doi:S0016-5085(11)00008-4 [pii] 10.1053/j.gastro.2011.01.004, (2011).

9 Marchiando, A. M. et al. Caveolin-1-dependent occludin endocytosis is required for TNF-
induced tight junction regulation in vivo. Journal of Cell Biology. 189 (1), 111-126,
doi:jcb.200902153 [pii] 10.1083/jcb.200902153, (2010).

10 Yu, D. et al. MLCK-dependent exchange and actin binding region-dependent anchoring of
Z0-1 regulate tight junction barrier function. Proceedings of the National Academy of Sciences U
SA. 107 (18), 8237-8241, doi:0908869107 [pii] 10.1073/pnas.0908869107, (2010).

11 Chieppa, M., Rescigno, M., Huang, A. Y. & Germain, R. N. Dynamic imaging of dendritic
cell extension into the small bowel lumen in response to epithelial cell TLR engagement. Journal
of Experimental Medicine. 203 (13), 2841-2852, doi:jem.20061884 [pii] 10.1084/jem.20061884,
(2006).

12 McDole, J. R. et al. Goblet cells deliver luminal antigen to CD103+ dendritic cells in the
small intestine. Nature. 483 (7389), 345-349, doi:10.1038/nature10863, (2012).

13 Edelblum, K. L. et al. Dynamic migration of gammadelta intraepithelial lymphocytes
requires occludin. Proceedings of the National Academy of Sciences U S A. 109 (18), 7097-7102,
d0i:1112519109 [pii]10.1073/pnas.1112519109, (2012).

14 Edelblum, K. L. et al. gammadelta Intraepithelial Lymphocyte Migration Limits
Transepithelial Pathogen Invasion and Systemic Disease in Mice. Gastroenterology. 148 (7), 1417-
1426, doi:10.1053/j.gastro.2015.02.053, (2015).



393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434

15 Hu, M. D. et al. Epithelial IL-15 Is a Critical Regulator of gammadelta Intraepithelial
Lymphocyte Motility within the Intestinal Mucosa. Journal of Immunology. 201 (2), 747-756,
doi:10.4049/jimmunol.1701603, (2018).

16 Hoytema van Konijnenburg, D. P. et al. Intestinal Epithelial and Intraepithelial T Cell
Crosstalk Mediates a Dynamic Response to Infection. Cell. 171 (4), 783-794,
do0i:10.1016/j.cell.2017.08.046, (2017).

17 Prinz, I. et al. Visualization of the earliest steps of gammadelta T cell development in the
adult thymus. Nature Immunology. 7 (9), 995-1003, doi:ni1371 [pii] 10.1038/ni1371, (2006).

18 Sandrock, I. et al. Genetic models reveal origin, persistence and non-redundant functions
of IL-17-producing gammadelta T cells. Journal of Experimental Medicine. 215 (12), 3006-3018,
d0i:10.1084/jem.20181439, (2018).

19 Wang, X., Sumida, H. & Cyster, J. G. GPR18 is required for a normal CD8alphaalpha
intestinal intraepithelial lymphocyte compartment. Journal of Experimental Medicine. 211 (12),
2351-2359, doi:10.1084/jem.20140646, (2014).

20 Sumida, H. et al. GPR55 regulates intraepithelial lymphocyte migration dynamics and
susceptibility to intestinal damage. Sci Immunol. 2 (18), doi:10.1126/sciimmunol.aa01135, (2017).
21 Ewald, A. )., Werb, Z. & Egeblad, M. Monitoring of vital signs for long-term survival of mice
under anesthesia. Cold Spring Harbor Protocols. 2011 (2), pdb prot5563,
d0i:10.1101/pdb.prot5563, (2011).

22 Watson, A. J. et al. Epithelial barrier function in vivo is sustained despite gaps in epithelial
layers. Gastroenterology. 129 (3), 902-912, doi:10.1053/j.gastro.2005.06.015, (2005).

23 Lodolce, J. P. et al. IL-15 receptor maintains lymphoid homeostasis by supporting
lymphocyte homing and proliferation. Immunity. 9 (5), 669-676 (1998).

24 Ma, L. J., Acero, L. F., Zal, T. & Schluns, K. S. Trans-presentation of IL-15 by intestinal
epithelial cells drives development of CD8alphaalpha IELs. Journal of Immunology. 183 (2), 1044-
1054, doi:10.4049/jimmunol.0900420, (2009).

25 Knoop, K. A. et al. Antibiotics promote the sampling of luminal antigens and bacteria via
colonic goblet cell associated antigen passages. Gut Microbes. 8 (4), 400-411,
do0i:10.1080/19490976.2017.1299846, (2017).

26 Sujino, T. et al. Tissue adaptation of regulatory and intraepithelial CD4(+) T cells controls
gut inflammation. Science. 352 (6293), 1581-1586, doi:10.1126/science.aaf3892, (2016).
27 Zhang, B. et al. Differential Requirements of TCR Signaling in Homeostatic Maintenance

and Function of Dendritic Epidermal T Cells. Journal of Immunology. 195 (9), 4282-4291,
do0i:10.4049/jimmunol.1501220, (2015).

28 Chennupati, V. et al. Intra- and intercompartmental movement of gammadelta T cells:
intestinal intraepithelial and peripheral gammadelta T cells represent exclusive nonoverlapping
populations with distinct migration characteristics. Journal of Immunology. 185 (9), 5160-5168,
doi:jimmunol.1001652 [pii] 10.4049/jimmunol.1001652, (2010).

29 Kolesnikov, M., Farache, J. & Shakhar, G. Intravital two-photon imaging of the
gastrointestinal tract. Journal of Immunological Methods. 421 73-80,
do0i:10.1016/j.jim.2015.03.008, (2015).



Figure 1 Click here to access/download;Figure;JoVE Fig 1.ai

Figure 1. Using forceps to create a hole in the mesentery.
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Figure 2. Representative 3D image of yd IELs in the jejunum.
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Figure 3. Inhibition of IL-2Rf induces yd IEL idling in the lateral intercellular space.
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Table 1

Click here to access/download;Table;JoVE Table 1.xlsx 2

IEL lumen
Surface detail (um) 1.2 1.5
Background subtraction (um) 1.67 2
Seed points diameter (um) 7.5 N/A
Filter: number of voxels 250 6500
Tracking: max distance (um) 10 10
Tracking: max gap 2 2
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Table of Materials

Name of Material/ Equipment

35mm dish, No. 1.5 Coverslip

Alexa Fluor 633 Hydrazide

BD PrecisionGlide Hypodermic needles - 27g
BD Slip Tip Sterile Syringe - 1 ml

BD Tuberculin Syringe

Dissecting scissors

Electrocautery

Enclosed incubation chamber

Eye Needles, Size #3; 1/2 Circle, Taper Point, 12 mm Chord Length
Hank's Balanced Salt Solution

Hoechst 33342

Imaris (v. 9.2.1) with Start, Track, XT modules
Inverted DMi8

1Q3 (v. 3.6.3)

Ketamine

Kimwipes

McPherson-Vannas scissors 3” (7.5 cm) Long 5X0.15mm Straight Sharp

Non-absorbable surgical suture, Silk Spool, Black Braided
Nugent Forceps 4.25” (11 cm) Long Angled Smooth 1.2mm Tip
Puralube Vet Ointment

Click here to access/download;Table of Materials;Jove materials table revised.xlsx %

Company

MatTek

Invitrogen

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
OKOLAB

Roboz

Sigma-Aldrich
Invitrogen

Bitplane

Leica

Andor

Putney

VWR

Roboz

Fisher Scientific

Roboz

Dechra

Spinning disk Yokogawa CSU-W1 with a 63x 1.3 N.A. HC PLAN APO glycerol imi Andor

Xylazine

Akorn

Catalog Number
P35G-1.5-14-C
A30634
14-826-48
14-823-434
14-829-9

08-940
50822501

RS-7983-3
55037C
H3570

21905-026
RS-5600
NC0798934
RS-5228
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Comments/Description

Microscope

Software
Microscope
Software
Anesthesia

Lubricating Eye Ointment
Confocal system
Anesthesia
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ltem 1: The Author elects to have the Materials be made available (as described at

http://www.jove.com/publish) via:
@ Standard Access

Item 2: Please select one of the following items:

DOpen Access

@The Author is NOT a United States government employee.

DThe Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

DThe Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms. As used in this Article and Video
License Agreement, the following terms shall have the
following meanings: “Agreement” means this Article and
Video License Agreement; “Article” means the article
specified on the last page of this Agreement, including any
associated materials such as texts, figures, tables, artwork,
abstracts, or summaries contained therein; “Author”
means the author who is a signatory to this Agreement;
“Collective Work” means a work, such as a periodical issue,
anthology or encyclopedia, in which the Materials in their
entirety in unmodified form, along with a number of other
contributions, constituting separate and independent
works in themselves, are assembled into a collective whole;
“CRC License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the
terms and conditions of which can be found at:
http://creativecommons.org/licenses/by-nc-

nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version,
sound recording, art reproduction,  abridgment,
condensation, or any other form in which the Materials may
be recast, transformed, or adapted; “Institution” means
the institution, listed on the last page of this Agreement, by
which the Author was employed at the time of the creation
of the Materials; “JoVE” means Mylove Corporation, a
Massachusetts corporation and the publisher of The Journal
of Visualized Experiments; “Materials” means the Article
and / or the Video; “Parties” means the Author and JoVE;
“Video” means any video(s) made by the Author, alone or
in conjunction with any other parties, or by JoVE or its
affiliates or agents, individually or in collaboration with the
Author or any other parties, incorporating all or any portion
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of the Article, and in which the Author may or may not
appear.

2. Background. The Author, who is the author of the
Article, in order to ensure the dissemination and protection
of the Article, desires to have the JoVE publish the Article
and create and transmit videos based on the Article. In
furtherance of such goals, the Parties desire to memorialize
in this Agreement the respective rights of each Party in and
to the Article and the Video.

3; Grant of Rights in Article. In consideration of JoVE
agreeing to publish the Article, the Author hereby grants to
JoVE, subject to Sections 4 and 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to
publish, reproduce, distribute, display and store the Article
in all forms, formats and media whether now known or
hereafter developed (including without limitation in print,
digital and electronic form) throughout the world, (b) to
translate the Article into other languages, create
adaptations, summaries or extracts of the Article or other
Derivative Works (including, without limitation, the Video)
or Collective Works based on all or any portion of the Article
and exercise all of the rights set forth in (a) above in such
translations, adaptations, summaries, extracts, Derivative
Works or Collective Works and(c) to license others to do any
or all of the above. The foregoing rights may be exercised in
all media and formats, whether now known or hereafter
devised, and include the right to make such modifications
as are technically necessary to exercise the rights in other
media and formats. If the “Open Access” box has been
checked in Item 1 above, JoVE and the Author hereby grant
to the public all such rights in the Article as provided in, but
subject to all limitations and requirements set forth in, the
CRC License.

For questions, please contact us at submissions@jove.com or +1.617.945.9051.
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4. Retention of Rights in Article. Notwithstanding
the exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE's copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.

5. Grant of Rights in Video — Standard Access. This
Section 5 applies if the “Standard Access” box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JoVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE.

6. Grant of Rights in Video — Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in Item 1 above. In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE, subject to Section 7 below,
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum

ARTICLE AND VIDEO LICENSE AGREEMENT

rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JOVE to take steps in the Author(s) name and on their behalf
if JOVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author's name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JOVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

11. JoVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JOVE may, in its sole

612542.6  For questions, please contact us at submissions@jove.com or +1.617.945.9051.
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discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JOVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12, Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JOVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to

the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shallinclude JoVE’s attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JOVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
JOVE must receive payment before production and
publication the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14. Transfer, Governing Law. This Agreement may be
assigned by JOVE and shall inure to the benefits of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission.
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Name:
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Please submit a signed and dated copy of this license by one of the following three methods:
1. Upload an electronic version on the JoVE submission site

2. Faxthe document to +1.866.381.2236

3. Mail the document to JOVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cam bridge, MA 02140

612542.6  For questions, please contact us at submissions@jove.com or +1.617.945.9051.
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letter 190325.pdf

We thank the editors for their comments and have addressed them in the text and below.

1. We have proofread the manuscript and made edits as necessary.

2. We have done our best to avoid steps that are more than four lines, and have made
corrections to accommodate this request. However, we felt that it was important to
include more information in critical steps involving anesthesia, and therefore, these
steps are 5 lines long (1.1 and 1.2).

3. All commercial language has been removed.

The text in the Protocol has been revised to remove personal pronouns.

5. The reference style has been revised.
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All manuscripts are considered to be the property of AAI from the time of submission. Should
AAI not publish the paper, AAI releases its rights therein at the time the manuscript is returned to
the corresponding author.

Manuscripts published in The Journal of Immunology become the sole property of, with all rights
in copyright reserved to, The American Association of Immunologists, Inc. (AAl).

The corresponding author, on behalf of all authors, signs a copyright transfer form. When all
authors of an article have written it as part of their official duties as employees of the U.S.
government, the article is exempt from this requirement for transfer of copyright.

Authors retain the following permissions as long as proper attribution (Originally published

in The Journal of Immunology. Author(s). Year. Title. J. Immunol. Vol: pp-pp. Copyright ©
[year] The American Association of Immunologists, Inc.) is included:

If mandated by the funder of the research, authors may deposit the accepted, uncopyedited
version of the manuscript into PubMed Central, with an embargo period (time at which the
manuscript is available to the public) of 12 months after publication. This right applies solely to
deposition into PubMed Central; the authors agree not to deposit the manuscript to any other
repository (except a thesis repository if required - see item 3), agency, or entity. Authors whose
funder mandates a PubMed Central embargo of 6 months have permission to make the
manuscript available at 6 months after publication. This right applies only to articles under a
funder mandate to submit to PubMed Central (for research funded by NIH, this means articles
accepted for publication on or after April 7, 2008).

To reuse original figures or tables in the author's own work. This permission extends to the author
only, not to the institution. The author may not permit others to reproduce their figures or tables
in works not written by the author.

To include the final, published version of the article in a thesis and/or dissertation in print. If
required by the degree-conferring institution, an electronic version of the final, published version
may be deposited into a thesis repository as long as a link to the article on The Journal of
Immunology Web site is included.

To reprint the article in print collections composed solely of the author's own writings.
Permission must be obtained from AAI to reprint the article in any publication that includes the
work of others.

To post a copy of the accepted, uncopyedited version on the author's personal website with a
notice that "This is the accepted, uncopyedited version of the manuscript. The definitive version
was published in The Journal of Immunology Vol: pp-pp. DOI." A hyperlink to the published
article on The Journal of Immunology website must be included; the published PDF may not be
displayed. For posting on any other website, including any social media, corporate or government
(other than PubMed Central according to the terms in item 1 above) website, permission must be
requested from AAL. POSTING TO INSTITUTIONAL REPOSITORIES IS NOT PERMITTED.
To present the work orally in part or in its entirety.

If the work was prepared as a work-for-hire, the author's employer may print out PDFs or make
photocopies for internal use only. Distribution of the article by the author's employer in other
formats or for any other purpose requires permission from AAI.

Authors reusing their own material as described in items 1-7 do not need to contact AAI for
permission, except where noted. For all other reuse, the authors should contact AAI.
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