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SUMMARY:
A protocol to block lymph flow by surgical suturing of afferent lymphatic vessels is presented.

ABSTRACT: 
Lymphatic vessels are critical in maintaining tissue fluid balance and optimizing immune protection by transporting antigens, cytokines, and cells to draining lymph nodes (LNs). Interruption of lymph flow is an important method when studying the function of lymphatic vessels. The afferent lymphatic vessels from the murine footpad to the popliteal lymph nodes (pLNs) are well-defined as the only routes for lymph drainage into the pLNs. Suturing these afferent lymphatic vessels can selectively prevent lymph flow to the pLNs. This method allows for interference in lymph flow with minimal damage to the lymphatic endothelial cells in the draining pLN, the afferent lymphatic vessels, as well as other lymphatic vessels around the area. This method has been used to study how lymph impacts high endothelial venules (HEV) and chemokine expression in the LN, and how lymph flows through the adipose tissue surrounding the LN in the absence of functional lymphatic vessels. With the growing recognition of the importance of lymphatic function, this method will have broader applications to further unravel the function of lymphatic vessels in regulating the LN microenvironment and immune responses. 

INTRODUCTION:
The spatial organization of the lymphatic system provides structural and functional support to efficiently remove extracellular fluid and transport antigens and antigen-presenting cells (APCs) to the draining LNs. The initial lymphatic vessels (also named lymphatic capillaries) are highly permeable due to their discontinuous intercellular junctions, which facilitate the effective collection of fluids, cells, and other materials from surrounding extracellular spaces1. The initial lymphatic vessels merge into collecting lymphatic vessels, which have tight intercellular junctions, a continuous basement membrane, and lymphatic muscle coverage. Collecting lymphatic vessels are responsible for transporting collected lymph to the draining LNs and eventually returning lymph to the circulation2,3. The collecting lymphatic vessels that propel lymph into the draining LN are the afferent lymphatic vessels4-7. Obstruction of afferent lymphatic vessels can block lymph flow into the LNs, which is a useful technique when studying the function of lymph flow.

[bookmark: _Hlk34030548]Previous studies have shown that lymph flow plays a significant role in transporting antigens and APCs, as well as maintaining LN homeostasis. It is well understood that tissue-derived APCs, typically activated migrating dendritic cells (DCs), travel through the afferent lymphatic vessels to the LN to activate T cells8. The idea that free-form antigens, such as microbes or soluble antigens, passively flow with lymph to the LN to activate LN-resident APCs has been gaining acceptance in the past decade9-12. Free-form antigens traveling with lymph take minutes after the infection to travel to the LN, and the LN-resident cell activation may occur within 20 min after the stimulation. This is much faster than the activation of migrating DCs, which takes more than 8 h to enter the draining LN9. Besides transporting antigens to initiate immune protection, lymph also carries cytokines and DCs to the LN to maintain its microenvironment, and to support immune cell homeostasis13,14. Previously, blocking lymph flow by suturing the afferent lymphatic vessels demonstrated that lymph is required to maintain the HEV phenotype required for supporting homeostatic T cell and B cell homing to the LN15-17. CCL21 is a critical chemokine that directs DC and T cell positioning in the LN8,18. Blocking lymph flow interrupts CCL21 expression in the LN and potentially interrupts DC and T cell positioning and/or interaction in the LN19. Thus, blocking lymph flow can directly or indirectly abrogate antigen/DC access to the draining LN by disrupting the LN microenvironment that regulates immune responses in the LN. To better investigate the function of lymph flow, an experimental protocol is presented (Figure 1) to block lymph flow in mice by suturing the afferent lymphatic vessels from the footpad to the pLN. This method can be an important technique for future studies on lymphatic function in healthy and diseased conditions.

PROTOCOL:

All animal work needs to be approved by institutional and governmental ethics and animal handling committee. 

1. Preparation of materials

1.1. Prepare 100 mL of 70% ethanol by mixing 70 mL of 100% ethanol with 30 mL of sterile water. Autoclave all surgical tools before surgery and keep the tools in 70% ethanol before and during the surgery to maintain sterilization.

1.2. Prepare an injection apparatus. 

1.2.1. Cut ~30 cm of polyethylene tubing (0.28 mm in diameter). Connect the tip of a 30 G x ½ needle (needle A) to one end of polyethylene tubing. Carefully dislodge another 30 G x ½ needle (needle B) and connect the broken side to the other end of polyethylene tubing. 

1.2.2. Attach needle A to a 1 mL tuberculin syringe.

NOTE: For this polyethylene tubing, 1.6 cm of fluid in the tubing corresponds to 1 μL20.

1.3. Prepare a 10:1 ketamine/xylazine mixture (10 mg/mL ketamine and 1 mg/mL xylazine) in saline (bacteriostatic 0.9% [w/v] sodium chloride). Prepare the solution freshly before use. 

2. Preparation of the animal for surgery

NOTE: Use mice aged 6−10 weeks. Both female and male mice can be used. In this study, 6−10-week-old, C57BL/6 female mice were used. This method can be adapted for other strains of mice.

2.1. Anesthetize the mouse by injecting 250 μL of the ketamine/xylazine mixture intraperitoneally. Wait until the mouse is completely asleep. Ensure mouse does not react to a toe pinch to detect full anesthetization.

2.2. Shave fur around the legs with hair clippers. 

2.3. Apply the depilatory cream around the leg and wait for 5 min. Wipe off the residual fur and the depilatory cream using a moist tissue and clean the leg with sterile water. Spray 70% ethanol around the leg to sterilize the operating area.

3. Surgical suturing of afferent lymphatic vessels

NOTE: The right leg is sutured, and the left leg is used as the sham control. The lymphatic suture protocol (steps 3.1−3.8) takes 20−30 min. 

3.1. Keep mouse at a prone position and fix it with surgical tape to expose the operation area on the right leg.

3.2. Intradermally inject 5 µL of 1% Evans blue dye or 9 cm of the fluid of the injection apparatus tubing into the footpad. Gently massage the footpad to help Evans blue enter the lymphatic vessels.

NOTE: The insulin syringe is not easy to control for small volume injection. The volume can be controlled more accurately using the injection apparatus. Lymphatic vessels are visualized by blue dye under the skin. With extensive training, both afferent lymphatic vessels can be seen with the naked eye as transparent vessels in the adipose tissue, parallel to the Saphenous artery. With extensive training, it is possible to suture the vessels without injecting Evans Blue dye in cases where there are concerns of potential disturbances from the dye.

3.3. Under a dissecting microscope, choose an incision site 5 mm from the bottom edge of the popliteal fossa. Make a small incision (~5 mm) in the skin with scissors. Using fine operation forceps, stretch the incision, and expose the collecting lymphatic vessels (Figure 1A).

NOTE: If necessary, a small skin fragment can be removed to expose the lymphatic vessels.

3.4. Identify both afferent lymphatic vessels leading to the pLNs under the dissecting microscope (Figure 1B). 

NOTE: There are two afferent lymphatic vessels from the footpad to the pLN. Both need to be sutured to block lymph flow completely.

3.5. Using a needle holder, cautiously insert the suture needle (0.7 metric or smaller) between the afferent lymphatic vessel and the Saphenous artery and pull the needle gently out around the afferent lymphatic vessel. Gently pull the suture string and leave about 2 cm of the suture string behind. Use the needle holder to help tie the string tightly to suture one lymphatic vessel with a surgeon’s knot (Figure 1C). 

NOTE: The tissue underneath the incision may dry out with prolonged exposure to air. Making the incision as small as possible and performing the suture quickly (i.e., within 5 min) will prevent the tissue from drying out. Maintain the tissue moisture by applying a small volume of saline with a cotton swab. 

3.6. Gently massage the footpad to ensure no Evans Blue dye passes the suture site and then cut the excess string with scissors.

3.7. Perform the same suture steps (i.e., steps 3.5 and 3.6) on the other afferent lymphatic vessel (Figure 1D). Close the skin incision with the same suture that was used to suture the vessels in step 3.5 (Figure 1E).

3.8. For the sham control, intradermally inject 5 µL of 1% Evans blue dye at the left footpad and massage the footpad to visualize the lymphatic vessels. Open the skin with an excision and then close the wound without suturing the vessel (Figure 1F).

3.9. Optionally, monitor the operated mice for 2−4 h. The suture side of the leg should show edema with Evans Blue spread to the thigh, while the control leg will show restricted Evans blue dye in the footpad.

4. Tracking of the lymph flow

4.1. Immediately after the surgery, intradermally inject 10 µL of 2% fluorescein isothiocyanate (FITC) in the footpad of both the control and the lymphatic sutured leg.

4.2. Euthanize the mice with 400 μL of ketamine/xylazine mixture and perform cervical dislocation when the mice are fully anesthetized.

4.3. Collect pLNs from the popliteal fossa and carefully remove the perinodal adipose tissue around the pLNs under the dissection microscope at 2, 6, and 12 h after FITC injection.

4.4. Embed the pLNs with the medullary sinus area facing to the side of the cryomold in optimal cutting temperature (OCT) compound (Figure 1G,H).

4.5. Prepare 20 µm frozen sections using a cryotome. 

4.6. Image the cryosections under a confocal microscope to determine FITC distribution.

REPRESENTATIVE RESULTS:
Lymphatic vessel suture has been used in previous studies15-17,19, where it served as an important tool to study the function of lymph flow before the molecular biology of lymphatic vessels was better understood. Blocking lymph flow interrupts LN homeostasis, which leads to HEVs losing the critical gene expression needed for optimal lymphocyte homing to the LN15-17. Since then, it took another two decades to demonstrate that DCs traveling with lymph are crucial in maintaining the HEV gene expression profile and lymphocytes homing to the LN13. The shear stress provided by the lymph flow is critical to stimulate chemokine expression in the LN. Blocking lymph flow interrupts chemokine CCL21 expression in the LN19, which is critical in directing DC and T cell positioning in the LN. Therefore, interrupted flow may compromise DCs and T cells positioning in the LN8,18.

Immediately after the surgery, a small molecular weight fluorescent tracer, FITC, was used to track lymph flow. FITC (10 µL of 2% FITC) was injected intradermally in the footpad of the sham control and the lymphatic sutured leg. The draining pLNs were collected 2, 6, and 12 h later. The draining pLNs were embedded in OCT, and 20 µm frozen sections were prepared. Confocal images showed substantially reduced FITC accumulation in the pLNs after suture. The residual FITC in the pLNs was preferentially accumulated in the LN sinuses (Figure 2).

How the lymph flows through the adipose tissue surrounding the LN was investigated using lymphatic suture. The afferent lymphatic vessels leading to the pLNs were sutured to block lymph flow, and it was determined that the perinodal adipose tissue could support a small amount of lymph flow when lymphatic vessels were blocked21. The lymph flow through the adipose tissue to the capsule of the LN was mapped; it appeared to feed into the LN sinuses. Small amounts of lymph may have flowed into the LN sinuses over time (Figure 3).

FIGURE LEGENDS:
Figure 1: Steps of popliteal LN (pLN) afferent lymphatic vessel suture. Briefly, after mice were anesthetized with a ketamine and xylazine mixture, their legs were shaved, and the residual fur was removed by a depilatory cream. The right leg was used for suture and the left leg was the sham control. The right side of the footpad was intradermally injected with 5 µL of 1% Evans Blue dye prepared in PBS. (A) By gently massaging the footpad, Evans Blue dye filled the afferent lymphatic vessels. (B) A small skin cut was performed 5 mm away from the pLN to expose the lymphatic vessels, which are indicated by the two white arrows. (C,D) Both afferent lymphatic vessels were sutured. (E) The skin excision was closed by sutures. (F) The control leg received Evans blue injection, skin excision, and suture closure without suturing the lymphatic vessels. (G) The success of the lymph flow blockage was indicated by Evans blue dye, which entered the pLN of the control leg but not the sutured leg. (H,I) The collected pLNs were embedded in OCT compound with subcapsular sinus (SCS) and medullary sinus (MS) facing the side of the cryomold before snap freezing in liquid nitrogen.

Figure 2: FITC distribution in the draining pLNs of the sham or sutured leg. Confocal images of pLNs collected 2, 6, and 12 h after FITC injection showed substantially reduced FITC accumulation in the pLNs after suture. The residual FITC in the pLNs was preferentially found in the LN sinuses.
 
Figure 3: FITC distribution in the perinodal adipose tissue (PAT), around the draining pLNs of the sham or sutured leg. Confocal images of the PAT and the LN showed that FITC enters the PAT and the LN sinuses but was not effectively distributed throughout the LN when lymphatic vessels were blocked.

DISCUSSION:
[bookmark: _GoBack]Blocking lymph flow will have broad applications in manipulating antigen delivery to the LN in healthy and diseased conditions. It is possible to use this method to control the timing of antigen delivery in order to study how continuous lymph flow regulates immune response in draining LNs. This method of lymph flow interruption can also be used to study how lymph impacts cell compartmentalization, cell activation, cell migration, and cell-cell interactions in the LN.

Mice specifically expressing human diphtheria toxin receptor (DTR) in their lymphatic endothelial cells (Flt4-cre-dtr) have been developed; these can be used to specifically deplete lymphatic vessels to study lymphatic function22. Administration of DT kills lymphatic endothelial cells along the lymphatic vessels and in the LN. The depletion of lymphatic endothelial cells can completely abrogate lymph flow regionally or systemically to study lymphatic function. This method causes significant fluid accumulation in tissue and serves as a great model to study lymphedema and lymphatic function. 

Compared to the lymphatic endothelial cell-specific DTR expression model, the advantage of the lymphatic suture method is that it interrupts lymph flow with minimal damage to lymphatic endothelial cells or any other lymphatic vessel around the area. The intervention does not directly impact cells in the draining LN, so the resulting impact on the LN microenvironment or immune cell communication is a consequence of the lymph flow blockade rather than potential cell death induced by DT. Another benefit of this method is that lymph flow is instantly blocked after the surgery, so the timing of the lymph flow blockade can be better controlled. 

The limitation of this method is that it can only be used to study regional intervention of lymph flow in afferent lymphatic vessels from the footpad to the pLN. This method needs identification of the exact location of the collecting lymphatic vessels. Collecting lymphatic vessels are difficult to identify in some anatomical locations, and thus this technique requires extensive anatomical and surgical training before successful identification of afferent lymphatic vessels to block lymph flow. Another limitation is that this method cannot directly block lymph entering the initial lymphatic vessels. After the suture, the blocked lymph flow may increase the interstitial fluid pressure and change the lymph flow direction in the initial lymphatic vessels. Thus, the intact lymphatic vessels around the area may compensate for the function of the interrupted lymphatic vessels and change the direction of lymph flow.

Moreover, the injection of Evans Blue dye increases the interstitial fluid pressure, which may interfere with the subsequent tracer or antigen injection. The autofluorescence of Evans Blue dye may interfere with other fluorescent tracers or other fluorophores used for immunofluorescent staining. To avoid any interaction between Evans Blue dye and potential antigens, other tracers, or potential molecular mechanisms of lymphatic function regulation, it is possible to identify the collecting lymphatic vessels without Evans Blue dye with the naked eye. This can be achieved with extensive training to identify the vessels. Other dyes, such as isosulfan blue dye can also be used to replace the Evans Blue dye.

ACKNOWLEDGMENTS:
The authors thank Ava Zardynezhad for proofreading of the manuscript. This work is supported by the Canadian Institute of Health Research (CIHR, PJT-156035), and the Canada Foundation for Innovation for SL (32930), and by the National Natural Science Foundation of China for Yujia Lin (81901576).

DISCLOSURES: 
The authors have no conflicts of interest to disclose.

REFERENCES:
[bookmark: _ENREF_1]1. Pflicke, H., Sixt, M. Preformed portals facilitate dendritic cell entry into afferent lymphatic vessels. The Journal of Experimental Medicine. 206, 2925-2935 (2009).
[bookmark: _ENREF_2]2. Schmid-Schonbein, G. W. Microlymphatics and lymph flow. Physiological Reviews. 70, 987-1028 (1990).
[bookmark: _ENREF_3]3. Skalak, T. C., Schmid-Schonbein, G. W., Zweifach, B. W. New morphological evidence for a mechanism of lymph formation in skeletal muscle. Microvascular Research. 28, 95-112 (1984).
[bookmark: _ENREF_4]4. Johnston, M. G., Hay, J. B., Movat, H. Z. Kinetics of prostaglandin production in various inflammatory lesions, measured in draining lymph. The American Journal of Pathology. 95, 225-238 (1979).
[bookmark: _ENREF_5]5. Eisenhoffer, J., Yuan, Z. Y., Johnston, M. G. Evidence that the L-arginine pathway plays a role in the regulation of pumping activity in bovine mesenteric lymphatic vessels. Microvascular Research. 50, 249-259 (1995).
[bookmark: _ENREF_6]6. Gasheva, O. Y., Zawieja, D. C., Gashev, A. A. Contraction-initiated NO-dependent lymphatic relaxation: a self-regulatory mechanism in rat thoracic duct. Journal of Physiology. 575, 821-832 (2006).
[bookmark: _ENREF_7]7. Breslin, J. W. et al. Vascular endothelial growth factor-C stimulates the lymphatic pump by a VEGF receptor-3-dependent mechanism. American Journal of Physiology- Heart and Circulatory Physiology. 293, H709-718 (2007).
[bookmark: _ENREF_8]8. Randolph, G. J., Angeli, V., Swartz, M. A. Dendritic-cell trafficking to lymph nodes through lymphatic vessels. Nature Reviews. Immunology. 5, 617-628 (2005).
[bookmark: _ENREF_9]9. Mempel, T. R., Henrickson, S. E., Von Andrian, U. H. T-cell priming by dendritic cells in lymph nodes occurs in three distinct phases. Nature. 427, 154-159 (2004).
[bookmark: _ENREF_10]10. Gerner, M. Y., Casey, K. A., Kastenmuller, W., Germain, R. N. Dendritic cell and antigen dispersal landscapes regulate T cell immunity. The Journal of Experimental Medicine. 214, 3105-3122 (2017).
[bookmark: _ENREF_11]11. Kastenmuller, W., Torabi-Parizi, P., Subramanian, N., Lammermann, T., Germain, R. N. A spatially-organized multicellular innate immune response in lymph nodes limits systemic pathogen spread. Cell. 150, 1235-1248 (2012).
[bookmark: _ENREF_12]12. Gerner, M. Y., Torabi-Parizi, P., Germain, R. N. Strategically localized dendritic cells promote rapid T cell responses to lymph-borne particulate antigens. Immunity. 42, 172-185 (2015).
[bookmark: _ENREF_13]13. Moussion, C., Girard, J. P. Dendritic cells control lymphocyte entry to lymph nodes through high endothelial venules. Nature. 479, 542-546 (2011).
[bookmark: _ENREF_14]14. Gretz, J. E., Norbury, C. C., Anderson, A. O., Proudfoot, A. E., Shaw, S. Lymph-borne chemokines and other low molecular weight molecules reach high endothelial venules via specialized conduits while a functional barrier limits access to the lymphocyte microenvironments in lymph node cortex. The Journal of Experimental Medicine. 192, 1425-1440 (2000).
[bookmark: _ENREF_15]15. Mebius, R. E., Breve, J., Duijvestijn, A. M., Kraal, G. The function of high endothelial venules in mouse lymph nodes stimulated by oxazolone. Immunology. 71, 423-427 (1990).
[bookmark: _ENREF_16]16. Mebius, R. E., Streeter, P. R., Breve, J., Duijvestijn, A. M., Kraal, G. The influence of afferent lymphatic vessel interruption on vascular addressin expression. Journal of Cell Biology. 115, 85-95 (1991).
[bookmark: _ENREF_17]17. Mebius, R. E. et al. Expression of GlyCAM-1, an endothelial ligand for L-selectin, is affected by afferent lymphatic flow. Journal of Immunology. 151, 6769-6776 (1993).
[bookmark: _ENREF_18]18. Drayton, D. L., Liao, S., Mounzer, R. H., Ruddle, N. H. Lymphoid organ development: from ontogeny to neogenesis. Nature Immunology. 7, 344-353 (2006).
[bookmark: _ENREF_19]19. Tomei, A. A., Siegert, S., Britschgi, M. R., Luther, S. A., Swartz, M. A. Fluid flow regulates stromal cell organization and CCL21 expression in a tissue-engineered lymph node microenvironment. Journal of Immunology. 183, 4273-4283 (2009).
[bookmark: _ENREF_20]20. Liao, S., Jones, D., Cheng, G., Padera, T. P. Method for the quantitative measurement of collecting lymphatic vessel contraction in mice. Journal of Biological Methods. 1, e6 (2014).
[bookmark: _ENREF_21]21. Lin, Y. et al. Perinodal Adipose Tissue Participates in Immune Protection through a Lymphatic Vessel-Independent Route. Journal of Immunology. 201, 296-305 (2018).
[bookmark: _ENREF_22]22. Gardenier, J. C. et al. Diphtheria toxin-mediated ablation of lymphatic endothelial cells results in progressive lymphedema. Journal of Clinical Investigation Insight. 1, e84095 (2016).



