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Abstract

Reporter mice have been widely used to observe the localization of expression of targeted genes. This protocol focuses on a strategy to
establish a new transgenic reporter mouse model. We chose to visualize interleukin (IL) 22 gene expression because this cytokine has important
activities in the intestine, where it contributes to repair tissues damaged by inflammation. Reporter systems offer considerable advantages over
other methods of identifying products in vivo. In the case of IL-22, other studies had first isolated cells from tissues and then re-stimulated the
cells in vitro. IL-22, which is normally secreted, was trapped inside cells using a drug, and intracellular staining was used to visualize it. This
method identifies cells capable of producing IL-22, but it does not determine whether they were doing so in vivo. The reporter design includes
inserting a gene for a fluorescent protein (tdTomato) into the IL-22 gene in such a way that the fluorescent protein cannot be secreted and
therefore remains trapped inside the producing cells in vivo. Fluorescent producers can then be visualized in tissue sections or by ex vivo
analysis through flow cytometry. The actual construction process for the reporter included recombineering a bacterial artificial chromosome that
contained the IL-22 gene. This engineered chromosome was then introduced into the mouse genome. Homeostatic IL-22 reporter expression
was observed in different mouse tissues, including the spleen, thymus, lymph nodes, Peyer's patch, and intestine, by flow cytometry analysis.
Colitis was induced by T-cell (CD4+CD45RBhigh) transfer, and reporter expression was visualized. Positive T cells were first present in the
mesenteric lymph nodes, and then they accumulated inside the lamina propria of the distal small intestine and colon tissues. The strategy using
BACs gave good-fidelity reporter expression compared to IL-22 expression, and it is simpler than knock-in procedures.

Video Link

The video component of this article can be found at https://www.jove.com/video/54710/

Introduction

Cell type-specific expression of reporter genes is useful to identify cells actively expressing the target in tissues under homeostatic and perturbed
states. It also allows for the purification of these cells, which remain viable, to study their other properties. Reporter mice have been utilized in
elucidating the mechanism of action for specific cytokines, transcription factors, and regulatory elements. Previous strategies1,2,3 have largely
relied on knocking the reporter into the target locus in the mouse chromosome, a time-consuming and costly procedure. Thus, a simpler method
for the generation of reporter mice is desirable.

Cytokines are a broad class of small, secreted proteins/peptides that regulate immune responses through intercellular signaling. Interleukin
22 (IL-22) is a cytokine with many reported activities, including barrier function, tissue repair, and inflammation4. Although IL-22 was initially
discovered as a T-cell product5, subsequent reports demonstrated its expression in natural killer (NK) cells in humans6 and mice7 and in other
classes of innate lymphocytes8. Despite extensive observation of IL-22-producing cells, visualization of IL-22 previously required ex vivo
stimulation and permeabilization to stains with antibodies. Therefore, novel IL-22 reporter mice would be a very useful tool to investigate the
function of IL-22 in homeostatic and pathogenic processes.

Here, we developed a simplified transgenic reporter mouse model to observe the IL-22-producing cells in vivo and in vitro. Using a BAC
recombineering method9, we inserted the tdTomato cDNA sequence with Poly A signal fragments into the IL-22 locus and replaced exon 1. The
other untranslated regions, exons, and regulatory elements were not perturbed, since we would like to mimic the natural regulation of IL-22 as
much as possible. The site of reporter insertion disrupts the signal sequence, resulting in the accumulation of the reporter inside the producing
cells, unlike IL-22 itself, which is rapidly secreted. This new method can also be applied to the generation of reporter mice for other secreted
proteins.

Protocol

All animals received proper care in accordance with the experimental procedures outlined in the 2011 Guide for Care and Use of Laboratory
Animals Committee of Frederick National Laboratory for Cancer Research.
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1. Generation of IL-22-tdTomato Reporter Mice by BAC Recombineering

NOTE: The mice should be unconscious and do not move in response to a noxious stimulus. Sterilize the surgical area with 70% ethanol and
sterilize all surgical tools using a glass bead sterilizer.

1. Purify BAC DNA (RP23-401E11, clone length 228391 bps) using an alkaline extraction method10,11. Characterize the BAC clone by SpeI
digestion of 5 µg of RP23-401E11 to confirm the correct size of the target gene. NOTE: The BAC DNA was digested into 14 fragments.

2. Insert the TdTomato reporter gene into the Not I/Sal I site of the PLD53SC-A-GFP-B shuttle vector11 and replace the GFP gene in the same
site. Then, using BAC RP23-401E11 as a template, amplify the homology boxes (A and B) to the first translated exon of Il-22 (exon 1) by
PCR (95 °C 2 min; 30 cycles of 95 °C for 30 sec, 55 °C for 30 sec, and 72°C for 30 sec; and a final extension at 72 °C for 10 min). In a 50 µl
PCR reaction system, add 50 ng (1 µl) of BAC DNA, 0.5 µl of primers (10 µM), 40 µl of PCR superMix high fidelity, and 8 µl of H2O.
 

NOTE: The primers for the A and B boxes are as follows: A box Forward: 5'- TGGCGCGCCGGAGCTGTGAAGAAAG and Reverse: 5'-
CAGAGATCGCACAAGTGTCAAC; B box Forward: 5'- GTTAATTAACTGCCCGTCAACA and Reverse: 5'- TGGCCGGCCTGAGCACCTGCTT
CATC10. The sites of the restriction enzymes (Asc I and Pac I) are underlined.

3. Ligate 500 ng of Asc I-digested A and 500 ng of Pac I-digested B fragments into 50 ng of PLD53SC-ATB (tdTomato) vector at 16 °C for 1 hr.
4. Transform the purified PLD53SC-ATB vector into BAC-competent cells11 and culture them on Luria-Bertani(LB) agar plates with

chloramphenicol (20 µg/ml) and ampicillin (30 µg/ml) at 37 °C. Pick two to three colonies of co-integrate from the Ch/Amp master plates.
5. Inoculate each colony into 1 ml of LB supplemented with 20 µg/ml chloramphenicol and incubate them for 1 hr at 37 °C and 225 rpm. Spread

100 µl of each mixture on a LB-agar plate (10 g of Peptone 140, 5 g of yeast extract, 12 g of agar, and 1 L of water; pH 7.5) supplemented
with chloramphenicol and 4-4.5% of sucrose. Incubate the culture overnight at 37 °C.

6. Pick both big and small colonies and replate them on two LB-agar plates with chloramphenicol. Then, expose the plates either with or without
UV light for 30 sec and pick the UV-sensitive colonies for further analysis.

7. Identify the modified BAC DNA by PCR using tdTomato/IL-22 heterozygous primer (Forward: 5' ACT TgT gCg ATC TCT gAT ggT; Reverse: 5'
TgT AAT Cgg ggA TgT Cgg C). The thermocycler conditions are as follows: 95 °C for 2 min; 30 cycles of 95 °C for 30 sec, 56 °C for 30 sec,
and 72 °C for 30 sec; and a final extension at 72 °C for 10 min.

8. Confirm the sequence of the modified area of the BAC by direct BAC sequencing of large-prep BAC DNA12.
9. Anesthetize a recipient mouse with a dose of 0.25% tribromoethanol into the peritoneal cavity when implanting the microinjected zygotes into

pseudo-pregnant C57BL/6c mice.
10. Linearize the IL-22-tdTomato BAC construct (10 µg) by digestion with 5 µl of restriction endonucleasePi-SceI in 100 µl of the reaction system

and microinject the linearized BAC DNA into fertilized eggs of C57BL/6 females at the pronuclear stage13. Screen the transgenic mice by
Southern blot analysis of DNA isolated from tail biopsies using standard procedures.

2. Single-cell Preparation from Spleens, Thymus, Lymph Nodes, and Peyer's Patch

NOTE: IL-22-tdTomato reporter mice were maintained at the National Cancer Institute (NCI, Frederick, MD). The euthanasia method conforms to
the most recent AVMA Guidelines on Euthanasia. All mice were euthanized using CO2 inhalation14.

1. Euthanize an IL-22-tdTomato mouse in a CO2 chamber and put it on a clean pad. Sterilize the abdomen skin by spraying 70% alcohol and cut
it open. Remove the spleen in the left flank and the thymus behind the sternum.

2. To harvest the mesentericlymph nodes (located in the mesenteric tissue) and Peyer's patches (small lymphoidnodules throughout the ileum
region of the small intestine), take the pearly white mesenteric nodes close to the wall of the small intestine using dissect forceps with
fine-point serrated tips first and then remove the whole small intestine and colon out of the body. Find the extended oval patches (Peyer's
patches)along the gut and cut them with scissors. Grind these lymphoid tissues (lymph nodes and Peyer's patches) individually between two
frosted slides into a single-cell suspension in PBS/1% fetal bovine serum (FBS) buffer on ice.

3. Mince the spleen or thymus tissues using the same method as in step 2.2. Centrifuge the splenic suspension for 8 min at 500 x g and 4 °C.
Add 1 ml of ACK lysing buffer per spleen to the cell pellets.

4. Mix well and let them stand for 1 min. Add 9 ml of sterile phosphate-buffered saline (PBS) buffer to each sample. Spin down by centrifugation
for 8 min at 500 x g and 4 °C to remove the red blood cells.
 

NOTE: Do not add ACK lysing buffer to the thymus cells.
5. Resuspend the resulting leukocytes in 5 ml of PBS and pass the cells through a 100 µm cell strainer. Collect the cell pellets by centrifugation

at 500 x g for 8 min.
6. Resuspend the cells in 5 ml of RPMI media or FACS buffer and count the viable cells using 0.4% trypan blue dye/PBS solution.

3. Isolation of Intraepithelial Lymphocytes and Lamina Propria Cells from the Intestines

1. Open the abdominal skin as in step 2.1, cut the small intestine, from duodenum (next to the stomach) to ileum (close to the appendix), and
the whole colon, right above the anus. Remove the extra adipose and mesenteric tissue using forceps. Put the intestines immediately in ice-
cold PBS.

2. Look for Peyer's patches (small, rough nodules) along the distal region of the small intestine. Remove the masses using forceps andopen the
intestine lengthwise using scissors. Thoroughly flush the intestine with 10 ml of ice-cold PBS.

3. Incubate the tissues in 20 ml of pre-digestion buffer (5 mM EDTA and 1 mM dithiothreitol in Hank's Balanced Salt Solution (HBSS)) for 30
min at 37 °C with slow rotation (50 rpm) in a shaker. After each of 2 incubations, remove the epithelial cell layer, containing the intraepithelial
lymphocytes (IELs), by intense vortexing (30 sec at 12,000 rpm) and pass all the tissues through a 100 µm cell strainer.

4. Add 20 ml of new EDTA solution to the tissue for second incubation for 30 min at 37 °C. Pass the IEL fractions through a 100 µm cell strainer
and pool them with the previous fractions. Keep the remaining intestine fragments on ice to be treated in step 3.9.

5. Centrifuge the pooled IEL fractions at 800 x g for 5 min at 4 °C. Wash the pooled IEL fractions with 10 ml of HBSS/5% FBS and spin them
down for 5 min at 800 x g and 4 °C.
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6. Resuspend the cells in 8 mL of 44% colloidal silica medium15 and overlay them with 5 ml of 67% colloidal silica medium. Centrifuge the
44%/67.5% cell mixture gradient for 20 min at room temperature and 1,500 x g.

7. Collect the IEL cells from the band at the interface. First, remove the top layer of the supernatant (about 5 ml) using 1 ml pipette. Then,
harvest IELs at the interphase of the colloidal silica medium gradient.

8. Wash the IELs by adding 10 ml of RPMI medium. Spin the cells down for 5 min at 800 x g and 4 °C. Resuspend the IELs in 5 ml of RPMI for
step 3.15.

9. For the isolation of the lamina propria lymphocytes (LPLs), mince the intestine tissue fragments from step 3.4 into small pieces using scissors
(1 mm) and digest the pieces with 10 ml of digestion buffer (0.05 g of collagenase, 0.05 g of DNaseI, and 0.3 g of dispase II in RPMI/5% FBS)
for 15-20 min at 37 °C.

10. Filter the mixture through a 70 µm cell strainer. The flow-through supernatant contains the released LPL.
11. Fully digest the intestine fragments by repeating steps 3.9-3.10 (normally, they must be repeated 3 times). Each time, pool the supernatants

containing the LPLs.
12. Collect the cells by centrifugation for 5 min at 1,500 x g and room temperature and resuspend the pellets in RPMI/5% FBS. Pass them

through a 40 µm cell strainer.
13. Resuspend the cell pellets in 10 ml of the 40% fraction of a 40:80 colloidal silica medium gradient and overlay them on 5 ml of the 80%

fraction in a 15 ml tube.
14. Perform the density gradient separation by centrifugation for 20 min at 1,500 x g and room temperature15.
15. Collect the LPLs, as described in step 3.7. Wash them once with 10 ml of PBS and resuspend the pellets in 1 ml of PBS/1% FBS buffer or

RPMI medium.
16. Count the viable cells (both IELs and LPLs) using 0.4% trypan blue dye/PBS solution.

4. Expression of IL-22-tdTomato in Colitis

1. Prepare single spleen cell suspensions from IL-22-TdTomato mice at a concentration of 1 x 107 cells/ml in sterile PBS, as described in steps
2.1-2.4.

2. Purify the CD4+ T cells using the Mouse CD4 Cell Negative Isolation method10. Label them with anti-CD4-APC (clone RM4-5, 0.5 µl/1 x 106

cells in PBS/1% FBS buffer) and anti-CD45RB-FITC (clone 16A, 0.5 µl/1 x 106 cells in PBS/1% FBS buffer) by incubation at 4 °C for 30 min.
3. Spin the cells down for 5 min at 500 x g and 4 °C. Wash the cells with 2 ml of PBS/1% FBS buffer and resuspend them in 1 ml of PBS/1%

FBS staining buffer.
4. Run the labeled T cells on a flow cytometry machine16. Gate the cells on a T-cell population and sort CD4+CD45RBhigh double-positive cells

(the wavelength detected at 488 nm and 633 nm lasers).
5. Harvest the sorted cells by centrifugation for 5 min at 500 x g and 4 °C. Resuspend the cell pellets in sterile PBS buffer at 1 x 106 cells/ml.

Inject the cells (0.5 x 106) into the peritoneum ofeach Rag1-/- recipient mouse.
6. Sacrifice the recipient mice under CO2 at various time points. Harvest the mesenteric lymph nodes and the small and large intestines,

as described in steps 2.1 and 2.2. Put each mesenteric lymph node and cut-open intestine (paper/intestine/paper sandwich) in 4%
paraformaldehyde (PFA; handle under a fume hood) overnight to fix the tissues. Replace the PFA with 18% sucrose for 16-24 hr and then
freeze the tissues for sectioning.

7. Use the cryostat machine to cut the tissue17,18,19. Warm the tissue sections to room temperature for approximately 60 min and place them in
acetone for 10 min at room temperature. Dry them at room temperature for approximately 5 min.

8. Add FBS in excess, remove it by pipette, and add anti-RFP at a 1:200 dilution in 0.1% BSA/1x PBS. Incubate the antibody at 37 °C for 60
min.

9. Rinse the sections in 1x PBS for 10 min and apply the corresponding secondary antibody (goat anti-rabbit 568) to the tissue, diluted 1:300 in
1% BSA/1x PBS, for 30 min at room temperature.

10. Rinse slides in 1x PBS for 10 min, wipe them dry, and add coverslips.
11. Visualize all samples with a fluorescent microscope under consistent illumination (RFP: excitation filter 540-580 nm) using the 40X objective.

Representative Results

A murine IL-22 reporter transgene was created using recombineering to modify a bacterial artificial chromosome carrying the IL-22 locus. Figure
1 shows a diagram of pBACe3.6 vector containing the sacBII gene, a positive-selection marker, and chloramphenicol antibiotic resistance
gene11. After introducing tdTomato into exon 1, the signal peptide sequence was disrupted, as shown in Figure 2. Thus, the tdTomato reporter
was trapped inside the IL-22-expressing cells, enabling their detection and isolation by flow cytometry. The homozygous mice were bred
from founder lines and screened by PCR, and they did not require backcrossing in order to achieve offspring with a genetic identity, as is
required in the usual knock-in strategy. To test the fidelity of the IL-22 reporters, in vitro-generated splenocytes were cultured under Th22 or
neutral conditions. Figure 3 demonstrates that IL-22-tdtomato was well expressed in Th22 cells in vitro, detected either by flow cytometry or by
fluorescent microscopy. In vivo, as shown in Figure 4, the IL-22 reporter was detected in different mouse tissues under homeostatic condition.
Most of the tdTomato signal was found in the lamina propria (LP) cells from the gut, but not in the axillary lymph node (ALN), the spleen, or the
thymus. To visualize the tdTomato reporter in inflamed tissue, we used a mouse colitis model induced by the transfer of reporter CD4+CD45Rbhi

T cells into Rag1-/- mice. Figure 5 demonstrates that the reporters were first present in the mesenteric lymph nodes and then accumulated
inside the lamina propria of distal small intestine and colon tissues. Taken together, this novel method for the generation of IL-22 reporter mice is
effective and time-saving.
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Figure 1: Site map of the pBACe3.6 vector. pBACe3.6 is characterized by containing chloramphenicol antibiotic resistance and a sacBII gene
as a positive-selection marker. During recombination, the desired clones are sucrose-resistant through their expressing the sacBII gene and are
allowed to grow on sucrose-containing media, while the negative BAC colonies are sucrose-sensitive.

 

Figure 2: Schematic view of the modified RP23-401E11 BAC clone. A tdTomato reporter gene was introduced into the Il-22 locus, which
includes IL-22 and regulatory elements in a murine bacterial artificial chromosome (BAC RP23-401E11), using recombineering technology.
By homologous recombination, the sequence of the signal peptide of Il-22 in the BAC was disrupted and exon 1 of Il-22 was replaced by the
tdTomato reporter gene. Please click here to view a larger version of this figure.
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Figure 3: Identification of IL-22 reporters in splenocytes cultured in vitro. CD4 T cells were purified from the spleen and then stimulated
with anti-CD28; anti-CD3 (neutral condition); or anti-CD3, anti-CD28, anti-IFNƳ, anti-IL4, IL-6, TGF-β, and 6-Formylindolo (3,2-b)carbazole
(FICZ) for 5 days. IL-22-tdTomato was analyzed by flow cytometry (top two) and fluorescent microscopy (bottom two, scale bar: 100 µm). The
numbers in the quadrants indicate the percent of CD45+ cells. Please click here to view a larger version of this figure.

 

Figure 4: Visualization of IL-22-producing cells in different mouse tissues. Single-cell suspensions were prepared from the spleen, thymus,
lymph nodes, intestines (IEL and LP), and Peyer's patch. They were then surface-stained with FITC-anti-CD3 and examined for tdTomato
expression. MLN: mesenteric lymph node, ALN: axillary lymph node, PP: Peyer's patch, IEL: intraepithelial cells isolated from the small intestine,
LP: lamina propria cells purified from the small intestine. The numbers in the quadrants indicate the percent of CD45+ cells. Please click here to
view a larger version of this figure.

https://www.jove.com
https://www.jove.com
https://www.jove.com
http://ecsource.jove.com/files/ftp_upload/54710/54710fig3large.jpg
http://ecsource.jove.com/files/ftp_upload/54710/54710fig4large.jpg
http://ecsource.jove.com/files/ftp_upload/54710/54710fig4large.jpg


Journal of Visualized Experiments www.jove.com

Copyright © 2017  Journal of Visualized Experiments January 2017 |  119  | e54710 | Page 6 of 7

 

Figure 5: Localization of IL-22 reporters during the development of T-cell transfer colitis. CD4CD45RBHigh T cells from IL-22 reporter
mice were transferred into Rag1-/- mice, and the tdTomato signals were evaluated by immunohistochemistry in the different tissues at different
time points during the development of colitis. The arrows point to the IL-22-tdTomato signals. Scale bars = 25 µm. Please click here to view a
larger version of this figure.

Discussion

IL-22 plays an essential role in innate host defense and tissue remodeling. IL-22-producing cells have been identified ex vivo by intracellular
staining. However, it still remains difficult to track IL-22 expression in situ, either in the normal state or in inflammatory conditions. This protocol
describes a novel method to develop an IL-22 reporter mouse model, which enables us to localize the reporter-expressing cells in vivo. The
reporter gene encoding TdTomato was inserted into the IL-22 locus at a site that disrupts the signal sequence. This strategy results in the
reporter being trapped in the producing cell, unlike IL-22 which is rapidly secreted, enabling visualization of the producing cell. The engineered
IL-22-reporter was contained within a large BAC, with the aim of preserving the regulatory elements, thus conferring fidelity of expression of the
reporter corresponding to that of IL-22. The intestinal tissues of transgenic mice displayed homeostatic reporter expression in CD4 T cells and
innate lymphocytes in the lamina propria of the small intestine. In induced colitis, CD4 T cells expressed the reporter in the colon.

The role of IL-22 in inflammatory bowel disease has been unclear. By participating in the intestinal mucosal defense and tissue regeneration,
IL-22 is capable of eliciting the production of both protective20,21,22 and proinflammatory mediators (e.g., IL-8)23,24. Two models of T cell-driven
colitis showed increases in IL-22 in the colon, including TCR α -/- mice25,26 and the CD45RBhi transfer model27. Comparing inflammatory bowel
disease models, IL-22 expression in the intestine was higher in a Crohn's disease modelthan in a model of ulcerative colitis21,24.Here, we transfer
CD4CD45RBhi T cells from the reporter mice into Rag1-/- recipients and mimic the pathogenic process of Crohn's disease. We found that,
preceding colitis, IL-22 reporters were visualized in intestinal draining lymph nodes (MLN). The signals then diminished in the MLN and moved to
the intestines, especially the distal small intestines and colons, with the development of colitis. Most tdTomato reporters were localized inside the
lamina propria mucosa of the intestine.

A different type of reporter for IL-22 has been previously described, in which cells are permanently marked such that they and their daughters
continue to express the reporter, whether or not transcription of IL-22 has continued28. As in our study, gut innate lymphocytes were marked
under homeostatic conditions, and in colitis, the reporter was localized in T cells from the mesenteric lymph nodes to the intestinal tissue.

The procedures described in this protocol would be applicable for the establishment of other transgene reporter mice, such as IL-17, IL-25, and
so on. However, it is crucial to choose suitable BAC clones carrying distal regulatory elements to assure the fidelity of reporter gene expression,
since the transgenes are randomly integrated into the mouse genome. The reporter mouse allows for the identification of cells expressing in
vivo, as well as for the purification and characterization of live cells. We used tdTomato, an exceptionally bright red fluorescent protein, as a
fluorescent reporter gene to make the reporter suitable for live animal imaging studies.
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