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Abstract

The intestines — which contain the largest number of immune cells of any organ in the body — are constantly exposed to foreign antigens, both
microbial and dietary. Given an increasing understanding that these luminal antigens help shape the immune response and that education of
immune cells within the intestine is critical for a number of systemic diseases, there has been increased interest in characterizing the intestinal
immune system. However, many published protocols are arduous and time-consuming. We present here a simplified protocol for the isolation of
lymphocytes from the small-intestinal lamina propria, intraepithelial layer, and Peyer's patches that is rapid, reproducible, and does not require
laborious Percoll gradients. Although the protocol focuses on the small intestine, it is also suitable for analysis of the colon. Moreover, we
highlight some aspects that may need additional optimization depending on the specific scientific question. This approach results in the isolation
of large numbers of viable lymphocytes that can subsequently be used for flow cytometric analysis or alternate means of characterization.

Video Link

The video component of this article can be found at http://www.jove.com/video/54114/

Introduction

The principal task of the small intestine is often considered to be the digestion and absorption of nutrients1. While this metabolic function is
clearly essential, the small intestine has an equally significant role in protecting the host from the continual barrage of environmental antigens
found within the lumen2. The intestinal tract separates the outside world (e.g., luminal antigens) from the internal environment of the host with an
epithelial layer that is only a single cell layer thick. As such, the small-intestinal immune system has the formidable task of balancing its threshold
for reactivity, allowing foreign antigens from the diet and commensal microbes to enter the mucosa with minimal, if any, immune response while
mounting a robust response against invading pathogens and other "harmful" antigens. Excessive or inappropriate immune responses to these
antigens can lead to pathologic disease (e.g., inflammatory bowel disease, type I diabetes, multiple sclerosis) and must be avoided3-6.

Overall, the gastrointestinal tract is thought to represent the largest immune organ in the body, containing over 70% of all antibody-secreting
cells7. The small-intestinal immune system is comprised of 3 main compartments — the lamina propria (LP), the intraepithelial layer, and Peyer's
patches (PPs) — that each contains a distinctive group of lymphocytes2. The LP lymphocytes (LPLs) are primarily TCRαβ+ T cells with ~20% B
cells; intraepithelial lymphocytes (IELs) contain very few B cells with more TCRγδ+ T cells than TCRαβ+ T cells; and PPs, which are secondary
lymphoid organs embedded in the small-intestinal wall, contain ~80% B cells. Although each of these anatomical regions has slightly distinct
functions and ontological bases, they function in a harmonized fashion to protect the host from pathogenic insults.

Furthermore, there is growing appreciation that the microbiota is a critical determinant for the development of the intestinal immune system, with
increasing recognition of the cognate relationship between specific microbes and the ontogeny of particular cell lineages8,9. Moreover, given that
education of the intestinal immune system affects immune responses in anatomically distant sites (e.g., arthritis, multiple sclerosis, pneumonia),
it has become clear that development of the intestinal immune system is relevant to more disease processes than previously recognized10-12.
As such, interest in quantitatively assessing the intestinal immune system has extended beyond host-pathogen interactions to now include host-
commensal interactions and the pathogenesis of many systemic diseases as well.

Given the variability of current methods in the isolation of intestinal lymphocytes, a method that is optimized for yield, viability, and consistency
while balancing the time required is increasingly critical. Protocols that involve Percoll gradients are time and labor intensive and potentially more
prone to human error, leading to variable yield and viability13. Herein, we provide an optimized protocol for the isolation and characterization
of lymphocytes from all 3 small-intestinal immune compartments. Additionally, given increasing interest in microbe-induced alterations in the
mucosal immune system, we include steps that can be used to allow for the horizontal transmission of microorganisms between mice to assess
how these changes quantitatively affect the intestinal immune system.
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Protocol

All studies were conducted under strict review and guidelines according to the Institutional Animal Care and Use Committee (IACUC) at Harvard
Medical School, which meets the veterinary standards set by the American Association for Laboratory Animal Science (AALAS).

1. Horizontal Transmission of Bacteria via Co-housing (Optional) 

1. To minimize exogenous contamination (particularly if using gnotobiotic mice), practice aseptic technique while assembling sterile disposable
cages, using food and water that have both been autoclaved.

2. Use ear punches or tags to individually mark 6 week old C57BL/6 mice that harbor different microbiotas and house them in the same cage.
Given that mice are coprophagic and eat fecal pellets from the cage floor, microbes will naturally be transmitted horizontally between the
mice.

3. Co-house mice for ≥1 week to allow time for microbial transfer and immunologic change prior to analysis.

2. Preparation of a Single Cell Suspension from the Small-intestinal Intraepithelial Layer
and Lamina Propria

1. Preparation of Solutions
1. Prepare extraction media (per small intestine): 30 ml RPMI + 93 µl 5% (w/v) dithiothreitol (DTT) + 60 µl 0.5 M EDTA + 500 µl fetal

bovine serum (FBS). Add the DTT immediately before use.
2. Prepare digestion media (per small intestine): 25 ml RPMI + 12.5 mg dispase + 37.5 mg collagenase II + 300 µl FBS. Add the dispase

and collagenase immediately before use.
3. For all incubations performed at 37 °C, prewarm solutions to 37 °C.

2. Euthanize the mouse by CO2 asphyxiation followed by cervical dislocation.
3. Place the mouse dorsal side down and spray the abdomen with 70% ethanol. Use scissors to perform a laparotomy by sequentially cutting

the skin and then peritoneal fascia along the ventral midline from the pubic symphysis to the xiphoid process, thus exposing the peritoneal
cavity.

4. Use scissors to separate the small intestine from the stomach by transecting the pyloric sphincter. Gently remove the small intestine from the
peritoneum, teasing away the mesenteric fat.

1. To fully remove the small intestine, make a second cut at the ileo-cecal junction. Place the isolated small intestine into cold (i.e., 4 °C)
RPMI containing 10% FBS to maximize cell viability.

5. Gently remove large pieces of fat using curved forceps. Use caution to avoid tearing the intestinal tissue itself while trying to remove fat.
6. To remove intestinal contents, gently flush intestines with 15 - 20 ml of cold PBS using an 18 G feeding needle affixed to a syringe.
7. Use scissors to excise PPs, and place them into cold RPMI containing 5% FBS. PPs are located on the antimesenteric side of the small

intestine and appear as a multi-lobulated white mass. Depending on the specific strain, a mouse typically has 8 - 12 PPs.
8. Cut the small intestine into 3 - 4 inch segments.
9. Remove residual fat by rolling each small-intestinal segment on a paper towel moistened with RPMI, using a dull scalpel to tease the fat away

from the tissue.
10. Turn the tissue inside out by cannulating the intestinal segments with curved forceps and grasping the distal end of the tissue. Then use a

pair of straight forceps to gently remove the tissue segment from the curved forceps (beginning at the proximal end), resulting in the tissue
being inverted.

11. Place tissue segments in a cup containing 30 ml of extraction media and a stir bar. Secure the lid on the cup, and stir at 500 rpm for 15 min at
37 °C; stirring should be vigorous but not turbulent.

12. After incubation, use a steel strainer to separate tissue pieces from the epithelium-containing supernatant, which should appear cloudy. This
supernatant contains intraepithelial lymphocytes that can be further analyzed, if desired, by proceeding to filtering the sample in steps 2.18 -
2.23.

13. Manually agitate the tissue pieces in RPMI to wash away residual extraction media.
14. Place tissue on a dry paper towel and flip it end over end several times to facilitate removal of residual mucus that was not liberated by the

extraction medium.
15. Place tissue fragments in a 1.5 ml tube with 600 µl of digestion medium.
16. Use scissors to mince the tissue until pieces no longer stick to the scissors and the solution appears homogenous. This step is critical to

ensure complete enzymatic digestion of the tissue.
17. Add the minced small intestine to a cup containing 25 ml of digestion media. Stir at 500 rpm for 30 min at 37 °C. Halfway through the

digestion (i.e., at 15 min), pipet up and down with a serological pipet to help break up any large chunks of tissue.
18. Filter digested tissue (or epithelial layer from step 2.12 if processing IELs) through a 100 µm cell strainer into a 50 ml tube. Rinse the strainer

with 20 ml of RPMI containing 10% FBS.
19. Centrifuge the filtered solution at 500 x g for 10 min at 4 °C.
20. Carefully decant supernatant and resuspend pellet in 1 ml of RPMI containing 10% FBS.
21. Filter resuspended cells through a 40 µm cell strainer into a 50 ml tube. Rinse strainer with 20 ml of RPMI containing 10% FBS.
22. Centrifuge filtered solution at 500 x g for 10 min at 4 °C.
23. Carefully decant supernatant, and resuspend pellet in 1 ml of RPMI containing 2% FBS.
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3. Preparation of a Single Cell Suspension from Peyer's Patches

1. Transfer excised PPs to a cup with 25 ml of digestion media and a stir bar. Secure lid, and spin at 500 rpm for 10 min at 37 °C.
2. Filter digested PPs through a 40 µm cell strainer into a 50 ml tube. If any clumps remain, press them through the strainer using the flat end of

the plunger from a 1 ml syringe.
3. Rinse strainer with 10 ml of RPMI containing 10% FBS.
4. Centrifuge filtered solution at 500 x g for 10 min at 4 °C.
5. Carefully decant supernatant, and resuspend pellet in 1 ml of RPMI containing 2% FBS.

4. Surface Staining for Flow Cytometry

1. Aliquot appropriate volume of cells (e.g., 200 µl of LPLs) into a 96-well round-bottom plate.
2. Centrifuge at 500 x g for 5 min at 4 °C. Decant supernatant by inverting the plate.
3. Resuspend cells in 90 µl of RPMI containing 2% FBS and a 1:100 dilution of anti-CD16/32 (Fc block). Incubate for 10 min at 4 °C.
4. Add 10 µl PBS. Centrifuge at 500 x g for 5 min at 4 °C. Decant supernatant by inverting the plate.
5. Resuspend cells in 250 µl PBS. Centrifuge at 500 x g for 5 min at 4 °C. Decant supernatant by inverting the plate.
6. (Optional) Stain cells with viability dye, if desired, by following the manufacturer's protocol.
7. Resuspend cells in 100 µl 1% formalin to fix the cells. Incubate for 1 hr in the dark at 4 °C.
8. Add 200 µl PBS. Centrifuge at 500 x g for 5 min at 4 °C. Decant supernatant by inverting the plate.
9. Resuspend cells in 250 µl PBS. Centrifuge at 500 x g for 5 min at 4 °C. Decant supernatant by inverting the plate.
10. Resuspend cells in 200 µl PBS. Analyze cells using a flow cytometer.

Representative Results

Flow cytometric analysis of single cell suspensions of small-intestinal lymphocytes should yield a discrete population of cells that have similar
forward and side scatter characteristics as splenocytes (Figures 1A and 1B). The lymphocytes may begin to die if the tissue is not maintained
at 4 °C during the initial stages of the isolation, resulting in the lymphocyte population having a lower forward scatter and being more difficult
to separate from other epithelial and dead cells (Figure 1C). Moreover, if the small-intestinal tissue is not completely cleaned of its mesenteric
fat, there is virtually a complete loss of lymphocytes (Figure 1D). These features illustrate how working quickly (i.e., not allowing the tissue to
warm up) and paying attention to detail (i.e., removing even small amounts of mesenteric fat) is necessary to ensure sample quality. Typically, we
obtain ~80% viability for small-intestinal LPLs (Figure 1E).

Figure 2A demonstrates how the composition of the microbiota can greatly affect the numbers of specific cell populations. As we have previously
demonstrated, germ-free (GF) mice, which are completely devoid of any microorganisms, have a small-intestinal immune system that is
markedly immature as compared to specific pathogen-free (SPF) mice, and colonization of GF mice with a normal mouse microbiota (MMb)
results in restoration of the small-intestinal immune system14. In contrast, gnotobiotic mice harboring a normal human microbiota (HMb) — and
that have a similar number and diversity of fecal bacteria as MMb mice — have a small-intestinal immune system that is indistinguishable from
that of GF mice14.

Taking advantage of the coprophagic nature of mice, co-housing mice together represents a simple, yet powerful method for allowing horizontal
transmission of organisms between mice. This approach allows one to test whether the resulting change in the microbiota affects the small-
intestinal immune system. As an example, we demonstrated that co-housing HMb mice with MMb mice for 4 weeks resulted in the normalization
of the number of CD3+ CD8+ T cells in the SI LP (Figure 2B)14. This result confirms that the differences between MMb and HMb mice observed
in Figure 2A is due to variations in the microbiota between these mice — variations that are overcome by co-housing the mice together.
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Figure 1. Intestinal Lymphocytes have FSC and SSC Characteristics Similar to Splenocytes. A - D. Dot plots depicting SSC and FSC for
optimally prepared splenocytes (A) and small-intestinal lamina propria (SI LP) cells (B - D). B. The SI LP sample was prepared according to
the described protocol. C. The intestinal tissue was intentionally allowed to warm to demonstrate that SI LP cells begin to have a lower FSC. D.
The mesenteric fat was not cleaned off the small intestine prior to preparing single cells, resulting in the loss of a discernible SI LP lymphocyte
population. E. The sample depicted in panel B was stained in step 4.7 with fixable viability dye (e.g., eFluor 780) according to the manufacturer's
instructions. Please click here to view a larger version of this figure.

 

Figure 2. The Microbiota Impacts Maturation of the Small-intestinal Immune System. A. CD3+ CD8+ T cells were enumerated in the SI LP
of SPF, MMb, HMb, and GF mice. B. HMb mice were co-housed with MMb mice for 4 weeks prior to enumerating CD3+ CD8+ T cells in the SI LP.
MMb and HMb mice that were not co-housed were analyzed for comparison. Each data point represents an individual mouse, and the horizontal
bars reflect the mean. NS, not significant; *, p <0.05; **, p <0.01; ***, p <0.001. Figures are reproduced-with permission-from reference 14, with
slight modification of B. Please click here to view a larger version of this figure.

Discussion

We present a protocol for the isolation and flow cytometric characterization of small-intestinal lymphocytes, including the LPLs, IELs, and
lymphocytes in the PPs. For those interested in evaluating how changes in the microbiota affect the small-intestinal immune system, we detail
the straightforward steps involved in the horizontal transmission of organisms between mice harboring different microbiotas. Although this
protocol focuses on the small intestine, the procedure is the same for analysis of the large intestine, with the only difference being that there are
no PPs to remove (although colonic patches are present, these are typically not grossly visible).

There are several key steps in achieving optimal isolation of lymphocytes from small-intestinal tissue. Meticulous removal of adipose tissue is
absolutely critical to ensuring lymphocyte viability and optimal yield. Additionally, DTT is a crucial mucolytic used in the extraction of epithelial
cells. Given its unstable nature, we suggest storing single-use aliquots of a 5% solution at ≤-20 °C and not re-freezing any unused volume.
Although EDTA is used in the extraction medium to aid in the removal of epithelial cells15, its presence — as well as excess FBS or mucus
— during the digestion process can inhibit the collagenase. The concentration of collagenase used has been demonstrated to differentially
affect surface marker expression and cell viability13,16,17. Moreover, depending on the surface marker of interest, it may be that a different
formulation of collagenase (e.g., collagenase type I, II, VI, or VIII) is optimal13,17. Some empiric optimization may be required depending on the
specific experimental question and, owing to lot-to-lot variation, the specific lot and relative activity level of collagenase. Furthermore, additional
optimization may be required depending on the specific strain and age of mouse used. For example, the times listed here have been optimized
for a ~6 week old C57BL/6 mouse; for a ~8 week old Swiss Webster mouse, the digestion time may be increased to 40 minutes.

In summary, we have provided a detailed protocol for the isolation of small-intestinal lymphocytes from the lamina propria, intraepithelial
layer, and PPs. Once mastered, one can reasonably process 4 mice and have single cell suspensions ready for staining in ~4 hr. Although
we describe the immediate staining of these cells for flow cytometric characterization, one can alternatively stimulate these cells to assess
cytokine production, sort cells for transcriptional and/or proteomic analyses, or culture the cells to look at in vitro interactions with other cell
types. Moreover, while we focused on the lymphocyte population, this protocol can also be used to examine myeloid cells. Taken together, this
streamlined approach to isolating single cell populations from various intestinal compartments allows one to interrogate both how various factors
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(e.g., microbiota, dietary antigens) influence the ontogeny of the intestinal immune system and also how these cells may be relevant in extra-
intestinal diseases.
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