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Abstract  

Changes in the intestinal lymphatic vascular system such as lymphatic obstruction are characteristic 

features of inflammatory bowel diseases. The lymphatic vasculature forms a conduit to enable 

resolution of inflammation; this process is driven by specialized endogenous pro-resolving mediators 

(SPMs). To evaluate contributions of lymphatic obstruction to intestinal inflammation and to study 

profiles of SPMs, we generated a novel animal model of lymphatic obstruction using African Green 

monkeys. Follow up studies were performed at 7, 21, and 61 days. Inflammation was determined by 

histology. Luminex assays were performed to evaluate chemokines and cytokines levels. In addition, 

lipid mediator metabololipidomic profiling was performed to identify SPMs. After seven days, 

lymphatic obstruction resulted in a localized inflammatory state, paralleled by an increase in 

inflammatory chemokines and cytokines, which were found to be up-regulated after seven days but 

returned to baseline after 21 and 61 days. At the same time, a distinct pattern of SPMs was profiled 

with an increase for D-series resolvins, protectins, maresins, and lipoxins at 61 days. These results 

indicate that intestinal lymphatic obstruction can lead to an acute inflammatory state, accompanied by 

an increase in pro-inflammatory mediators, followed by a phase of resolution, paralleled by an 

increase and decrease of respective SPMs.  
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Introduction  

Inflammatory bowel diseases (IBD), including its two main entities Crohn's disease (CD) and 

ulcerative colitis (UC), represent chronic relapsing immune-mediated inflammatory disorders of the 

gastrointestinal (GI) tract. Despite a worldwide rise in prevalence and incidence, the exact etiology is 

still unknown. The current concept of IBD etiopathogenesis is that in genetically susceptible 

individuals, environmental factors and a dysregulated intestinal microbiome initiate an inappropriate 

inflammatory response by the host’s mucosal immunity, leading to chronic intestinal inflammation 1. 

This multifactorial hypothesis is based on the complex interplay of various immune and non-immune 

cells within the mucosal immune system. 

 

Among these non-immune components, intestinal lymphatic vessels have gained recent attention 

among the IBD research community, especially for CD 2. The intestinal lymphatic vasculature is a 

unidirectional drainage system for interstitial fluids, lipids, small soluble antigens, and perivascularly 

infiltrated immune cells, organized into a network of capillaries and collecting vessels 3, 4. The intestine 

contains lymphatic capillaries, whereas in the mesentery only collecting vessels can be found, which 

run parallel with mesenteric arteries and veins 3. Studies in humans have revealed structural and 

functional alterations in the intestinal lymphatic vasculature in CD 5. Indeed, among the long 

recognized fundamental histopathologic hallmarks of CD are intralymphatic lymphocyte stasis, 

lymphangiectasia, and inflammatory granulomas resembling a chronic lymphocytic and 

granulomatous lymphangitis 2. Using modern imaging techniques, a growing body of evidence points 

towards lymphatic expansion and altered lymphatic drainage in the small and large intestine of CD 

patients 6-9. Recently, Randolph et al presented similar findings of lymphatic dysfunction for larger 

mesenteric collecting vessels, suggesting a CD-associated reduction in the access of antigens and 

immune cells to mesenteric lymph nodes, potentially linking dysfunction of the intestinal lymphatic 

system and impaired immunity in CD 10. Concomitantly, murine models have provided further 

evidence and unraveled molecular mechanisms for a key role of lymphatic defects in the initiation and 
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perpetuation of intestinal inflammation 5. Blocking intestinal inflammation–associated 

lymphangiogenesis (IAL) has been shown to result in reduced vessel density and decreased intestinal 

lymph flow, which subsequently causes an attenuated antigen clearance, all of which exacerbated 

experimental colitis 11-15. In agreement with this, promotion of IAL via adenoviral induction of vascular 

endothelial growth factor C (VEGF-C) improved lymph flow, immune cell drainage, and bacterial 

antigen clearance, which resulted in diminished intestinal inflammation 12. This growing body of 

evidence from human and experimental data supports the role of lymphatics as an integral part of the 

intestinal immune-surveillance system by enabling efficient drainage to downstream lymph nodes of 

fluid, infiltrated immune cells, and antigen-presenting cells regulating immunity and subsequently 

promoting the resolution of inflammation.  

 

An acute inflammatory response is the host’s physiological and protective answer to invading 

pathogens, which is self-limited and ends with resolution of inflammation and ultimately tissue 

homeostasis 16. However, if these well-controlled resolution pathways fail, the acute inflammatory 

response becomes self-sustaining and chronic. Though the intestinal lymphatic vasculature forms the 

conduit to end anti-inflammatory programs and enable resolution of inflammation, this dynamic 

process is driven by specialized endogenous pro-resolving mediators (SPMs). These include the 

lipoxins 17, 18 (LXs), resolvins 19-21 (Rv), protectins 22 (PD), and maresins 23 (MaR). The SPMs counter-

regulate the action of inflammation-initiating mediators 16, 24 and their bioactive metabolomes have 

been shown to display a number of anti-inflammatory-pro-resolving actions including regulating pro-

inflammatory mediators (eg, cytokines), dampening angiogenesis, accelerating clearance and 

efferocytosis of cells, and promoting epithelial barrier integrity 16, 25.  

 

Resolution of inflammation is particularly important in the gut, where the mucosal surface and its 

immune system are in constant contact with pathogens and in an ongoing state of basal inflammation. 

To maintain a balance between physiological inflammatory responses and overwhelming destructive 
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chronic inflammatory states, a meticulously orchestrated intestinal resolution program is mandatory. It 

has now been demonstrated that IBD patients are characterized by an imbalance between pro-

inflammatory agents and pro-resolving molecules within the mucosal immune system. Masoodi et al 

demonstrated an increase of various arachidonic acid (AA)-derived lipid mediators (LMs) in inflamed 

colonic biopsies compared to non-inflamed regions in UC patients 26. Additionally, LM profiles 

correlated with the degree of histological inflammation. Pearl et al demonstrated that UC patients had 

increased AA and docosahexaenoic acid (DHA) as well as reduced eicosapentaenoic acid (EPA) 

mucosal concentrations compared to healthy controls 27. This also correlated with the severity of 

mucosal inflammation. In line with these findings, Ungaro et al found reduced levels of pro-resolving 

DHA-derived epoxy metabolites in regions with active inflammation in UC patients 28. Interestingly, in 

UC patients under remission they also found elevated (compared to active disease) levels of these 

SPMs suggesting that active UC is accompanied by a failure to produce SPMs and that these effects 

contribute to the induction of remission of mucosal inflammation in UC. In addition, SPMs such as the 

omega-3 polyunsaturated fatty acids (PUFAs) derived resolvin E1, resolvin D1, resolvin D2, and 

MaR1 as well as more recently both protectin D1n-3 DPA and resolvin D5n-3 DPA have each 

independently been shown to be protective in IBD 19, 24-32  SPMs interact with specific receptors to 

temper leukocyte reactivity, dampen inflammatory pain, and promote tissue repair and regeneration 

16;however, the possible interplay of the lymphatics as a structural intermediary between SPMs and 

the resolution of intestinal inflammation remains unexplored. In addition, issues still persist with 

animal models of intestinal inflammation as these current models most closely resemble clinical and 

histopathological features of acute colitis, rather than CD.  

 

In the 1970s Kalima et al described an animal model of intestinal inflammation based on regional 

lymphatic obstruction, which closely resembled anatomic and clinical features of CD in humans. 

Although lymphatic obstruction alone does not reproduce the entire spectrum of CD pathology, it 

reproduces striking inflammatory similarities and many clinical features including submucosal edema, 
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thickening of the bowel wall, aggregation of lymphocytes, formation of lymphocytic and 

granulomatous changes, and the development of enteroenteric and enterocutaneous fistulae 33-35. To 

date, no available rodent animal model has ever shown such clinical similarities to CD and in addition, 

there is no animal model currently available to study intestinal inflammation, which is based on 

lymphatic obstruction.  

 

Herein we recapitulated and further characterized the inflammatory model of regional lymphatic 

obstruction in non-human primates (NHPs), with a special focus on intestinal lymph flow, inflammatory 

markers, and mediators of resolution. A clinically relevant variation of Kalima’s model was 

recapitulated in NHPs with persistent blockade of regional lymph flow over a time-course of 61-days. 

A severe inflammatory flare was observed, characterized by local and systemic up-regulation of 

inflammatory markers within the first seven days, with a return to physiological homeostasis after 21- 

and 61-days, respectively. Using modern multi-panel Luminex assays and solid-phase extraction 

(SPE) coupled with LM-SPM liquid chromatography–tandem mass spectrometry (LC-MS/MS)–based 

metabololipidomics, small bowel and colon samples were analyzed to identify unique signature 

profiles and relationship(s) between pro- and anti-inflammatory cytokines, chemokines, as well as 

LMs and SPMs to assess their potential pathological implications in the intestine of animals subjected 

to lymphatic blockade.  

 

Material and Methods 

 

Animals 

All animal protocols were approved by the University of Louisiana at Lafayette (UL Lafayette) Animal 

Care and Use Committee and were handled in accordance with the American Association for 

Accreditation of Laboratory Animal Care guidelines. Fifteen male African Green monkeys (AGMs, 
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Chlorocebus aethiops sabaeus, two to four years of age, weighing between 3.19 and 5.36 kg) were 

used and maintained at the New Iberia Research Center (NIRC), UL Lafayette.  

 

Animals were socially housed during this study except for a one-week interval of separation post 

operatively. Animals were fed daily with regular primate diet (5L2P*, Purina Lab, St. Louis, MO) in 

amounts appropriate for the size of the animals, which was supplemented with fruit, novel foodstuffs, 

and/or seeds foraging at least five times as part of the NIRC Plan for Environmental Enhancement 

and Behavioral Management. Tap water was provided ad libitum via automatic watering devices. 

Preoperatively, animals were fasted overnight with free access to water. Postoperatively animals had 

free access to food and water ad libitum. Prior to the experiments, animals were screened for 

exclusion behavior (abnormal food/water consumption, stool consistency) to avoid an underlying gut-

related wasting disease or infectious process. This included a physical examination by a veterinarian, 

a complete blood count, serum chemistry screen, and fecal testing for bacterial and parasitic 

pathogens. All animals were tested for simian immunodeficiency virus (SIV) as well as simian T-cell 

leukemia virus type 1 (STLV-1) and were found to be negative before inclusion in the experiments. 

Animals were randomized in either a treatment or Sham group.  

 

Experimental groups 

To evaluate the course of intestinal injury following lymphatic obstruction, 15 animals were randomly 

assigned into three different experimental groups and one sham group. These groups were based on 

the observational period after the procedure: 7 (acute), 21 (midterm), or 61(chronic) days. These time 

points were selected based on earlier studies by Kalima 33, 35 who reported lymphatic obstruction as a 

specific initiator of intestinal disease affecting multiple clinical parameters, which intensified over time. 

Each experimental group consisted of four animals. In addition, three animals were used as a control 

(sham), with one animal being sacrificed at 7, 21, and 61 days, respectively.  
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Surgically-induced lymphatic obstruction (SLO) 

Animals were sedated by intramuscular (i.m.) injection of 10 mg/kg ketamine and 0.03 mg/kg 

buprenorphine and a venous catheter was placed in a peripheral vein. Next, 5 mg/kg propofol was 

given intravenously (i.v.) followed by endotracheal intubation. Anesthesia was maintained on 

isoflurane and propofol (5 mg/kg). Animals were placed in a supine position. The abdomen was 

shaved and all following surgical procedures were performed under sterile conditions. Briefly, a 

median laparotomy (approximately 3 inches) was performed followed by an abdominal exploration to 

avoid congenital intra-abdominal findings. Next the ileocecal region was located, and the last 20 cm of 

ileum and first 10 cm of the caecum/ascending colon were measured and mobilized. The next step 

was to identify the lymphatic drainage route of the ileocecal region. Thus, multiple ileal and cecal 

subserosal injections of approximately 300 μL isosulfan blue (1%, Lymphazurin, Covidien, New 

Haven, CT) were administered to specifically stain the lymphatic vessels and the respective draining 

lymph nodes. This procedure rapidly (<2 minutes) stained the mesenteric lymphatic vessels, and later 

(>2 minutes) the downstream proximal lymph nodes (Figure 1A). Next, 1% isosulfan blue was 

injected in all stained lymph nodes to identify bigger downstream central lymph nodes at the 

mesenteric radix (Figure 1B). The so identified drainage route of the ileocecal region concordantly 

consisted regularly of one major central mesenteric lymph node, which represents the proximal 

downstream target for two to three ileal and three to five smaller colonic lymph nodes. Next, one to 

two central lymphatic vessels, which drained only from the major previously identified central 

mesenteric lymph node at the mesenteric radix into the cisterna chyli, were isolated. The proximal 

mesentery was then carefully opened, and the central lymphatic vessels at the base of the mesentery 

were ligated with non-re-absorbable sutures (6-0) avoiding manipulation of ileal/ileocolic arteries and 

veins (Figure 1C). To complete the lymphatic obstruction, 0.01 to 0.02 mL of 4% formalin (mixed with 

1% isosulfan blue) was injected into the previously identified lymph nodes, again avoiding damage to 

lymph node capsules or manipulation of the ileal arteries and veins. Finally, the lymphatic obstruction 

was verified by re-injecting 1% isosulfan blue into the ileal and cecal subserosa. At this stage, a stasis 
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of the blue dye in the mesenteric lymphatics and a complete reuptake in the proximal lymph nodes 

without any leakage or outflow in the cisterna chyli occurred. Afterwards, the abdomen was closed in 

two layers using a continuous suture (muscle layer) and interrupted suture technique (skin). Sham 

operations were performed under the exact same conditions, but only included opening of the 

abdominal wall, exploration, subserosal injection of 1% isosulfan blue and closure of the abdominal 

wall. Post-operatively, no abdominal drain was placed and no postoperative antibiotics or nonsteroidal 

anti-inflammatory drugs (NSAIDS) were given. The postoperative analgesic regimen included 

acetaminophen (6 mg/kg, oral suspension per os (p.o.)) and tramadol (5 mg/kg, p.o.).  

 

Post-surgical follow-up 

Animals were followed up for 7, 21, or 61 days and examined daily (general condition, species-

specific behavioral abnormalities, stool consistency, and appetite) by a veterinarian and assessed for 

a 5-step disease score: 0: very well; 1: slightly below average; 2: poor; 3: very poor; or 4: terrible. To 

conduct weekly examinations and blood collection, animals were sedated (ketamine, 10 mg/kg, i.m) 

weekly until the time of euthanasia. Weekly assessments included bodyweight, temperature, heart 

rate, blood collection, as well as an abdominal exam by a veterinarian. 

 

Necropsy 

At the designated study endpoint (7, 21, or 61 days) animals were fasted overnight prior to necropsy 

and at the day of euthanasia, sedated (ketamine (10 mg/kg, i.m.)) followed by propofol induction and 

intubation. Anesthesia was maintained on isoflurane and propofol (5 mg/kg), if necessary. A blood 

sample was taken, the abdominal wall was opened, and the intra-abdominal conditions were 

examined. To control for successful SLO, a dual approach and combined dye-based optical 

confirmation with a conventional lymphography were used. Briefly, 5mL of the radiographic contrast 

agent Lipodol (Guerbet, Bloomington, IN) were mixed with 300 μL Lymphazurin. Next, 300 μL of this 

solution were slowly injected into the prior sclerosed lymph nodes and conventional x-ray radiographs 
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were taken in series after 5, 15, 25, and 30 minutes (Figure 2 A, E, and F). Radiographs were taken 

with a MinXray (Model HF100/30, Northbrook, IL) and developed with a Fuji Prima T2 CR (Fujifilm, 

Valhalla, NY). The addition of the lymph-specific dye Lymphazurin allowed a visual confirmation of the 

lymphostasis as well as irregular lymph flow (Figure 2 B-D). Euthanasia was performed under deep 

anesthesia using pentobarbital (120 mg/kg i.v.) injection, followed by cardiac puncture/pneumothorax. 

After euthanasia, the entire ileocaecal region was removed, opened longitudinally, washed with cold 

phosphate buffered saline (PBS), macroscopically assessed, and subsequently tissue samples were 

harvested.  

 

Blood analysis 

Blood samples were collected one week prior to the study, at the day of surgery and weekly until 

euthanasia. Blood analysis was conducted at UL Lafayette-NIRC Clinical Pathology Laboratory 

including comprehensive serum chemistry panel with lipids (no anticoagulant) screen (Siemens’s 

Clinical Chemistry Analyzer), a hematology panel (EDTA tubes) with complete blood count, 

differential, and platelet count (Beckman Coulter LH780) and coagulation profile (Instrumentation  

Laboratory’s ACL Elite Coagulation Analyzer) including prothrombin time, activated partial 

thromboplastin time, and fibrinogen analysis (sodium citrate tubes). 

 

Histology 

Tissue samples of the ileocaecal region (ileum and colon) as well as mesenteric lymph nodes were 

first fixed in 10% phosphate-buffered formalin, then transferred to 70% ethanol, embedded in paraffin, 

sectioned (5 mm), and subsequently stained with hematoxylin and eosin. Histological examination 

was conducted by a board certified and specialized veterinary pathologist. 

 

Luminex analysis  
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Local tissue (ileocaecal region) as well as systemic (serum) levels of inflammatory markers were 

assed using Luminex fluorescent bead human cytokine & chemokine immunoassay kits (Bio-Rad, 

Hercules, CA) according to the manufacturer's instructions. Serum samples were collected from each 

animal into vacutainer tubes with no anticoagulant at the time of pre-study physical examinations, the 

day of surgery, and weekly until euthanasia. Samples were maintained at room temperature until clot 

formation, centrifuged at 1000 g for 15 minutes at 4 °C, aliquoted, and subsequently stored at -70 °C. 

Samples collected after 7, 21, or 61 days were compared to pre-study values as a control group. 

Tissues samples of the ileocaecal region (colon, ileum) were snap frozen and lysates were prepared 

using a Bio-Plex cell lysis kit (Bio-Rad) according to the manufactured instruction. Lysates were dilute 

in sample diluent + 0.5% bovine serum albumin (Sigma-Aldrich, St. Louis, MO), to a final protein 

concentration of 300 μg/mL. Samples were analyzed on a Luminex MAGPIX at NIRC-UL.  

 

Targeted lipid mediator-SPM metabololipidomics 

Tissue extraction and LM metabololipidomics was conducted as described previously 36. Briefly, LC 

grade solvents (Fisher Scientific, Pittsburgh, PA), C18 solid-phase extraction columns (500 mg; 

Biotage, Uppsala, Sweden), Poroshell 120 EC-C18 2.7 μm column (100 mm × 4.6 mm; Agilent, Santa 

Clara, CA), synthetic standards, and deuterated internal standards were purchased from Cayman 

Chemical (Ann Arbor, MI). Briefly, colon and small bowel samples were defrosted from −80 °C on ice. 

Tissues were weighed and gently dispersed with a glass dounce. Internal labeled standards d8-5S-

HETE, d4-LTB4, d5-LXA4, d5-RvD2, and d4-PGE2 (500 pg each) in 4 mL of ice-cold methanol were 

added to each sample to facilitate quantification and sample recovery. Next, samples were held at 

−20 °C for 45 minutes to allow protein precipitation and then centrifuged (1200 g, 4 °C, 10 minutes). 

Supernatants were collected and brought to less than 1 mL of methanol content in a gentle stream of 

nitrogen gas onto an automated evaporation system (TurboVap LV, Biotage). Samples were then 

placed into an automated extraction system (Extrahera, Biotage) and products extracted as previously 

described37 and as described further. Briefly, solid-phase C18 cartridges were equilibrated with 3 mL 
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of methanol and 3 mL of H2O. Nine milliliter of H2O (pH 3.5, HCl) was added to the samples and the 

acidified solutions were rapidly loaded onto the conditioned C18 columns that were washed with 3 mL 

of H2O to neutralize the acid. Next, 3 mL of hexane were added and products eluted with 3 mL of 

methyl formate. Products were brought to dryness using the automated evaporation system 

(TurboVap LV, Biotage, Charlotte, NC) and immediately suspended in methanol-water (50:50 vol/vol) 

for LC-MS-MS automated injections. 

 

Statistical analysis 

Statistical analysis was conducted with Graph Pad Prism software (version 7, GraphPad Software, 

San Diego, CA). Groups were compared using 1-way analysis of variance followed Bonferroni post 

hoc testing. Data were expressed as average ± SEM and P < 0.05 was considered statistically 

significant. All n values are indicated in the respective figure legends.  

 

Results 

AGMs undergoing SLO display no signs of morbidity  

All animals recovered quickly from surgery, irrespective of sham procedures or SLO. In addition, no 

differences were found with respect to the daily clinical disease score (data not shown). Compared to 

the sham group, animals subjected to SLO showed a slight reduction in weight gain over the course 

of the experiment; however, this was not statistically significant (Figure 3A). When animals were 

subjected to the weekly clinical examination, the full body examinations revealed no wound healing 

disorders. In addition, no animal developed fever, showed a significant increase in heart rate, or 

suffered from diarrhea or steatorrhea. The weekly laboratory panel revealed a 12% increase after 

seven days in white blood cell count (WBC), as well as a significant decrease in WBC at 61-days 

(Figure 3B). In addition, intestinal inflammation following SLO induced a significant increase in 

platelet count after seven days, which returned to baseline values at 21 and 61 days (Figure 3C). 

Since intestinal lymphatics are the conduit for dietary lipids, a laboratory lipid profile consisting of 
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cholesterol (Figure 3D), direct low-density lipoprotein (LDL) cholesterol (Figure 3E), high-density 

lipoprotein (HDL) cholesterol (Figure 3F), triglyceride (Figure 3G), and albumin (Figure 3H) was 

tested on a weekly base, to assay for any systemic changes in the lipid profile of the experimental 

animals secondary due to SLO. However, SLO induced no systemic changes in the above mentioned 

parameters. 

 

AGMs exhibit macroscopic findings of a regional ileocolic inflammation within seven days 

post SLO  

Following the respective follow-up period of 7, 21, or 61 days, all animals (including sham) underwent 

a relaparotomy for sample collection and evaluation of SLO. Animals in the seven day group 

presented with several intra-abdominal alterations. The mesentery in the ileocecal region was 

thickened, shortened, and covered with a fibrin layer, while the bowel loops appeared edematous. 

The prior sclerosed lymph nodes were hyperplastic and hardened. In addition, adhesions between 

different loops of the small bowel and the mesentery occurred. The findings were absent in all sham 

animal as well as in the 21 and 61 day experimental animal group.  

 

SLO results in persistent lymphostasis coupled with lymph backflow 

A dual approach was used to confirm successful SLO in the experimental animals and demonstrate 

an undisturbed intestinal lymphatic outflow in sham animals. The oil-based contrast agent Lipiodol 

was mixed with the lymph-specific dye Lymphazurin and injected into the prior sclerosed lymph 

nodes. Sham animals showed a normal lymph outflow, without any signs of dye pooling. Next, these 

findings were verified using conventional x-rays (lymphography). Sham animals presented with an 

undisturbed lymph clearance via the cisterna chyli into the central circulation (Figure 2A). By 

comparison, animals following SLO presented with an initial pooling of the blue dye in the prior 

sclerosed lymph nodes due to the obstructed lymph efflux as well as a non-physiological retrograde 

lymph into the bowel wall (Figure 2B-D). When conventional lymphography was used to further 
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visualize the lymph outflow, experimental animals showed complete pooling of the injected contrast 

agent in the mesenteric lymph nodes and no outflow into the cisterna chyli (Figure 2E-F). These 

findings were consistent in all experimental groups, irrespective of observational time. 

 

AGMs presented with intestinal lacteal dilation within seven days of SLO 

To further validate the local effects of SLO on the intestinal architecture, H&E–stained sections of 

sclerosed lymph nodes, as well as colon and small bowel samples, were analyzed. Although no 

changes were observed in sham animals, lymph nodes in the experimental groups were partially 

necrotic without any evidence of further damage to the capsule and showed a rich immune cell 

infiltration (Figure 2G). In tissue samples from the ileocecal region serosal reaction, vasculitis and an 

increase in lamina propria/submucosal infiltration of immune cells, such as macrophages was 

observed (Figure 2H). These changes were most prominent in the seven day animals and subsided 

at later time points. In addition, a profound lacteal dilation was found in the villar tips as well as a 

serosal lymphatic dilation (Figure 2I), confirming the result of lymphostasis and disrupted lymph flow 

from the intestine to the respective lymph nodes.  

 

SLO leads to a temporal regulation in systemic inflammation in AGMs 

Serum samples (collected before and 7-, 21-, or 61-days after SLO) were analyzed for changes in 

chemokines and cytokines using Luminex immunoassay kits. Three critical pro-inflammatory 

mediators: interferon gamma (IFN-γ, Figure 4A), tumor necrosis factor alpha (TNF-α, Figure 4B), 

and interleukin 1 beta (IL-1ß, Figure 4C) were found to be up-regulated seven days post SLO but 

returned to baseline levels after 21 or 61 days, respectively. The analysis was further expanded and 

the concentrations of IL-1ra, 2, -4, -5, -6, -7, -8, -9, -10, -12, -13, and -16 were measured. 

Concentrations of IL-1ra, - 6 (Figure 4D), -8, -12, -13, and -16 were increased after seven days and 

returned to baseline levels after 21 or 61 days (data not shown). Next, serum CCL-chemokines (CCL-

1, monocyte chemoattractant protein-1 (MCP-1/CCL2), CCL-3, macrophage inflammatory protein-1 
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(MIP-1ß /CCL4), CCL-5, -8, -11, -13, -15, -19, -20, -21, -22, -25, -27)), CXCL- chemokines (CXCL1, -

2, -8, -9, -10, -11, -13) and CX3CL1 were measured. Significant increases were observed seven days 

after SLO for: MCP-1 (Figure 4E), MIP-1ß (Figure 4F), CCL11 (Figure 4G), and CCL 15 (Figure 4H) 

as well as for CCL-5, -8, -21, -22, CXCL9 and CXCL11 (data not shown). These increased levels all 

returned to baseline levels after 21 and 61 days, respectively. Only CX3CL1 was significantly reduced 

seven days after SLO. 

 

AGMs display a temporal regulation in local inflammation following SLO 

Having determined the effects on systemic inflammatory markers post SLO, changes were studied at 

a local level. As such, tissue samples of the ileocecal region (colon, terminal ileum) were analyzed for 

the presence of inflammatory markers. Unlike serum markers, the inflammatory profile in the ileocecal 

region was found to be variant. In general, a similar trend to that seen with systemic inflammation post 

SLO, ie an up-regulation of inflammatory chemokines and cytokines seven days following SLO we 

observed, which returned to physiological baseline at 21 and 61 days. Although MCP-1 (Figure 4M) 

and CCL11 (Figure 4O) were significantly increased, TNF-α (Figure 4J), IL-6 (Figure 4L), MIP-1ß 

(Figure 4N), and CCL15 (Figure 4P) showed a trend towards an increase after seven days, but this 

did not reach statistical significance. No differences were noted for IFN-γ (Figure 4I) and IL-1ß 

(Figure 4K). 

 

AGMs display a distinct profile of SPMs 

Using targeted LC-MS/MS–based LM metabololipidomics, both pro- and anti-inflammatory LMs and 

SPMs were profiled from AA-, EPA-, and DHA-derived bioactive metabolomes in the ileocecal region 

of sham animals and animals subjected to SLO. The presence of classic pro-inflammatory AA-derived 

eicosanoids such as prostaglandins and leukotrienes was also determined. In sham AGMs and AGMs 

subjected to SLO, members of all five main families of SPMs: AA–derived lipoxins, EPA–derived 

resolvins, DHA–derived resolvins as well as protectins and maresins were identified (Figure 5 and 
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Figure 6, Supplementary Table S1 and Supplementary Table S2). Related biosynthetic isomers 

were also identified for select SPMs including 10S,17S-diHDHA (a protectin biosynthetic isomer), 

7S,14S- diHDHA (a maresin biosynthetic isomer), and 5S,15S-diHETE (a lipoxin biosynthetic isomer), 

each produced by double lipoxygenation reactions (Figure 5 and Figure 6). These were identified in 

accordance with published criteria that included matching retention times, fragmentation patterns, and 

at least six characteristic and diagnostic ions for each 36.  

 

SPMs are up-regulated in the small bowel 61 days after SLO  

Using LC-MS/MS–based LM metabololipidomics to analyze LMs in the terminal ileum of AGMs 

following sham or SLO, nine bioactive mediators and pathway products were found from DHA, AA, 

and EPA bioactive metabolomes (Figure 5). As shown by respective MRM chromatograms of 

selected ion pairs and representative MS-MS fragmentation spectra employed for identification 

(Supplementary Figure S1), RvD5, the protectin pathway markers 10S,17S-diHDHA (protectin DX 

(PDX)), and 7S,14S-diHDHA, lipoxin (LX)A4, LXB4, aspirin-triggered lipoxin A4 (AT-LXA4), 5S,15S- 

diHETE, and leukotriene B4 (LTB4) as well as prostaglandin E2 (PGE2) were identified. The identified 

pro- and anti-inflammatory LMs were further quantified and expressed in a cytoscape network 

analysis (Figure 5) showing changes in the DHA, and AA metabolomes at 21 days vs seven days 

and 61 days vs 21 days post SLO. Following the acute inflammatory state at seven days after SLO, 

an increase was found in the AA-derived pro-resolving mediators LXA4 and LXB4 as well as DHA-

derived 7s,14S-diHDHA with a decrease of AA-derived pro-inflammatory LMs PGE2 and LTB4, 

suggesting that SPMs are produced in the small bowel of AGMs post SLO, and can undergo a pro-

inflammatory class switch after day 7 16. When 61-day animals were compared to animals 21-days 

after SLO a further increase was noted in DHA-derived 7s,14S-diHDHA, RvD5, and 10S,17S-diHDHA 

(Figure 5). 
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Next, LMs were combined into groups to compare cumulative levels for D-series resolvins, protectins, 

and maresins (Supplementary Figure S1C), lipoxins (Supplementary Figure S1D), and 

prostaglandins and leukotrienes (Supplementary Figure S1E). Interestingly, a significant increase for 

D-series resolvins, protectins, and maresins at 61-days after SLO was found, compared to seven day 

animals. A similar trend was observed for lipoxins though statistically significant changes in pro-

inflammatory (leukotrienes and prostaglandins) LM levels were not observed. These data 

demonstrate for the first-time distinct changes in the SPM profiles of AGMs in relation to a model of 

intestinal inflammation.  

 

SPMs are produced in the colon of AGMs 

The targeted LC-MS/MS–based LM metabololipidomics approach was used to profile AA, EPA, and 

DHA bioactive metabolomes in colon tissue from AGMs following sham or SLO. Eleven bioactive 

mediators and pathway products were identified from AA, DHA, and EPA bioactive metabolomes 

(Figure 6). As shown by respective MRM chromatograms of selected ion pairs and representative 

MS-MS fragmentation spectra employed for identification (Supplementary Figure S2), DHA-derived 

MaR1, 7S,14S-diHDHA, RvD5, RvD6, and PDX as well as AA-derived AT-LXA4, 5S,15S- diHETE, 

LXA4, LTB4 as well as PGE2 and EPA-derived RvE2 were identified. The identified pro- and anti-

inflammatory LMs were again quantified and expressed in a cytoscape network analysis (Figure 6) 

showing changes in the DHA, AA, and EPA metabolomes in the colon at 21 days vs 7 days and 61 

days vs 21 days post SLO. When animals 21 days after SLO were compared to animals seven days 

after SLO, an increase in nine of the 10 (MaR1, 7S,14S-diHDHA, RvD5, RvD6, PDX, AT-LXA4, LXA4, 

LTB4, and RvE2) identified bioactive metabolomes in colon tissue was seen, with a slight decrease in 

PGE2 (Figure 6). When animals 61 days after SLO were compared to animals 21 days after SLO, 

global reduction was seen in all detected SPM and pro-inflammatory mediators (Figure 6). The 

cumulative LM profiles for D-series resolvins, protectins, and maresins (Supplementary Figure S2C), 

E-series resolvins (Supplementary Figure S2D), lipoxins (Supplementary Figure S2E), and 



 

 

 19

prostaglandins and leukotrienes (Supplementary Figure S2F) were next assessed. There was an 

apparent trend towards a decrease in LM production at day 7, which was followed by an increase at 

day 21 post SLO. These results demonstrate that SPMs are produced in AGM colon tissue and are 

temporally regulated following SLO. 

 

Discussion 

The current hypothesis on the pathogenesis of IBD is that a dysregulated intestinal microbiome 

initiates an inappropriate inflammatory response by the genetically susceptible host’s mucosal 

immunity, leading to chronic intestinal inflammation. Although targeting inflammatory pathways has 

not resulted in sufficient and steady relive from IBD, recent data strongly indicate that a failure in 

resolving inflammation might also contribute to the pathogenesis of this disease 38. In addition, a 

growing body of evidence suggests a pivotal role of lymphatics in IBD’s pathogenesis; although the 

distinct changes in the intestinal lymphatic vasculature, which could be a cause or consequence of 

the inflammatory state, are only understood insufficiently 2. In the present study, an inflammatory 

model of regional lymphatic obstruction was recapitulated and renewed in NHPs (Figure 7). Systemic 

and local inflammatory profiles were analyzed. Identification of endogenous SPMs in AGMs were 

documented for the first time and LM-SPM signatures of serum and ileocecal tissue in AGMs 

following SLO described. These results show an acute inflammatory response in AGMs to SLO, 

followed by a phase of resolution of inflammation, accompanied both by an increase and decrease of 

respective pro-inflammatory cytokines and chemokines as well as SPMs.  

 

Lymphatic vessels have traditionally been considered as the principal conduit for a passive efferent 

removal of interstitial fluid, but new functions and underlying molecular mechanisms are emerging 3, 4.  

Among the eminent but yet unanswered questions within the lymphatic research community is 

whether lymphatic changes are consequence or cause of the inflammatory state seen in human IBD. 

As for CD, there are early reports describing its pathological pattern as a chronic lymphocytic, 
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granulomatous lymphangitis, suggesting a primary role for lymphatics in the initiation and 

perpetuation of this disease. On the other hand, there is clear evidence that intestinal inflammation 

itself elicits adaptive changes in function and formation of lymphatic networks and that CD is 

characterized by a process of transmural lymphangiogenesis in the ileum and colon 7, 8 accompanied 

by an up-regulation of pro-lymphangiogenic factors such as VEGF-C, podoplanin, or LYVE-1 13. On 

the other hand, there are clear signs of lymphatic transport failure in CD 5. This creates an obvious 

conflict between an expanded but yet apparently insufficient intestinal lymphatic network in IBD. 

Among the possible explanations for this is a diminished drainage function, based either on impaired 

fluid, antigen and immune cell uptake10, lymphatic obstruction 39, or compromised lymphatic 

contractile function 40. This might promote lymphatic stasis, lymphangitis, and fluid as well antigen 

accumulation, all of which subsequently leads to an inflammatory state. However, if these are 

lymphangitis-preceding events or caused by an initial damage to the lymphatic vasculature remains 

unknown. Irrespective of the sequence of these events, promoting endogenous resolution has the 

potential to improve lymphatic function since it was demonstrated that enhanced resolution reduced 

concentrations of inflammatory mediators such as MCP1, IL-6, IL-8, as well as IL-1ß and COX2 in a 

colitis model 28. This is of interest since especially the last two mediators have been shown to directly 

alter lymphatic vessel contractility and hence lymph flow 40, 41. 

 

It was shown that expansion of intestinal lymphatics reduced intestinal inflammation 12 and 

disturbances in efferent lymph flow 15 or reduced lymphatic expansion–increased intestinal 

inflammation 11. Based on these results, one could hypothesize that disturbances of intestinal lymph 

flow cause alterations, which ultimately lead to intestinal inflammation, and indeed, this is what Kalima 

et al described in 1970 when first reporting on their results from experimental lymphatic obstruction in 

rats 33, 34. In the present study, the intra-abdominal findings following SLO are in line with observations 

by Kalima et al who also reported adhesions with fibrin layers, a thickened mesentery as well as 

edematous bowel loops. Another feature described by Kalima et al and also present in this study was 
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signs of lymphatic transport failure evident in serosal edema accompanied by distinct dilatation of the 

lacteals within the mucosal villi. However, there are significant differences between the results from 

Kalima et al and the results presented in the current study. WNo mortality was observed compared to 

a reported mortality between 25% (rats) and 9.5 % (pigs) due to intestinal perforation, paralytic ileus, 

or purulent peritonitis. In addition, the unique feature of intra-abdominal fistulae could not be 

recapitulated. When reporting on SLO in pigs, Kalima et al described a progression of the 

inflammatory state as well as a progression of the intra-abdominal lesions during the follow-up period 

of up to 98 days. In contrast to that, when SLO was performed in rats, a great proportion of the 

animals showed a reorganization of lymph flow and recovered from the initial inflammatory response. 

In our model, the time course of the inflammatory state peaked at day 7 after SLO and was followed 

by a phase of resolution and return to baseline homeostasis between day 21 and day 61. However, it 

is important to acknowledge that this acute model is limited in fully recapitulating the complex 

pathophysiology of IBD, which develops over several years and is often characterized by phases of 

remission followed by acute inflammatory flares. 

 

A sufficient and lasting lymphatic obstruction is key in validating the SLO model we present here 

because the development of significant lymphatic collaterals or adaptive lymphatic reorganization in 

regions of SLO could diminish the anticipated lymphostasis. Inflammation itself elicits 

lymphangiogenesis by inducing the regrowth of intranodal and extranodal lymph vessels from existing 

lymphatic networks 42. In addition, a growing body of evidence indicates that circulating endothelial 

progenitor cells might contribute to lymphatic expansion and inflammation-induced remodeling 

(lymphovasculogenesis) 43-45. Moreover, an increase in intraluminal pressure following lymphatic 

obstruction can induce the opening of lymphovenous shunts and by-pass collaterals 46, 47. The results 

from the lymphography show that all SLO animals (irrespective of the time point) showed a sufficient 

lymphatic obstruction without any signs of major collaterals, recanalization, or venous bypass. In 

addition, all SLO animals showed signs of lymphatic stasis and retrograde lymph flow, which is 
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another direct sign of a successful and complete long-lasting lymphatic obstruction. Still, it is 

reasonable to assume that our model of SLO in AGMs produced an initial severe inflammatory 

response which was followed by some form of minor lymphatic reorganization. 

 

Although the inflammatory response was characterized by an increase in inflammatory mediators, the 

recovery phase was characterized by an increase in pro-resolving mediators. Regarding the different 

inflammatory profiles following SLO within the ileocecal region, there is evidence for a greater 

susceptibility of the small bowel to an insufficient lymphatic function. A form of intestinal inflammation 

in dogs elicited by spontaneous lipogranulomatous lymphangitis with intestinal lymphangiectasia and 

protein-losing enteropathy is more severe in the small bowel 48, 49. In addition, gut inflammation with 

enteric lymphangitis following Chlamydia suis infection in pigs, is also restricted to the small bowel 50. 

 

The pivotal role of the intestinal lymphatic vasculature for the structural integrity and function of the 

local immune surveillance in the gut was recently shown by two studies using murine conditional 

ablation models. Jang et al used a mouse model of diphtheria toxin (DT)-induced ablation of 

lymphatic vessel endothelial hyaluronan receptor-1 (LYVE-1) expressing lymphatic vessels in adult 

mice. Strikingly, within 60 hours of DT injection, all ablated animals died of sepsis, presumably due to 

a loss of structural integrity of intestinal villi with a consecutive breakdown in the local immune 

surveillance 51. Davis et al used a mouse model with deletion of the lymphangiogenic receptor for the 

adrenomedullin peptide, calcitonin receptor–like receptor (Calcrl) and were able to show that loss of 

lymphatic Calcrl was sufficient to induce intestinal lymphangiectasia, characterized by dilated lacteals 

and protein-losing enteropathy 52. Although these mice showed no basal intestinal inflammation, they 

showed an exacerbated response to an intestinal inflammatory challenge (indomethacin) and most 

importantly a failure to resolve the inflammatory state 52. These results support this concept as 

regional lymphatic obstruction leads to a regional and systemic inflammatory state. In conclusion, 

there is a growing body of evidence indicating a pivotal role of the intestinal lymphatic vasculature in 
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the structural and functional integrity of the gut architecture by participating in barrier function, 

immune cell trafficking, antigen drainage and most importantly, resolution of inflammation. 

 

Resolution of inflammation is a tightly orchestrated process, involving specific endogenous mediators 

and protective pro-resolution pathways. These pro-resolving mediators and pathways can be 

disrupted in inflammatory conditions leading to prolonged and exaggerated inflammatory responses 

16. In this study the AGMs responded with a severe inflammatory state to SLO (with maximal 

inflammation at day 7) characterized by increased levels of inflammatory cytokines and chemokines 

including TNF-α, IL-6, MCP-1, and IL-1β, all of which have been shown to be involved in murine and 

human IBD as well in other AGM models of inflammation 53, 54. The development of an inflammatory 

response to SLO was linked with increased levels of the pro-inflammatory lipid mediators LTB4 and 

PGE2 in the small bowel and correlated with a decrease in pro-resolving mediators from all three 

major bioactive metabolomes (ie, AA, EPA, DHA) in the colon, identified and quantified using by LC-

MS/MS–based LM metabololipidomics. LTB4 and PGE2 are biosynthesized during the initial phases of 

inflammation through enzymatic processing of AA (by cyclooxygenases (COX) and lipoxygenases 

(LO)), and responsible for neutrophil recruitment to the site of injury and initiation of inflammatory 

responses. It was considered whether the presence of neutrophils in the intestinal tissues of AGMs at 

day-7 could represent a major source of the elevated levels of LTB4, as LTB4 is one of the major 

bioactive products released by activated neutrophils. Following transmigration, neutrophils become 

exposed to increased levels of autacoids (such as PGE2) that alter neutrophil gene expression and 

phenotype, which in turn drives neutrophil expression of lipoxin synthetic enzymes. This LM-SPM 

class switch increases production of LXs (eg, LXA4 and LXB2), to recruit both anti-inflammatory and 

pro-resolving programs, in vitro and in vivo 55, 56. In line with this, up-regulated levels of AA-derived 

lipoxins pathway, specifically LXA4 and 5S,15S-diHETE were found at day-21, at which time the 

inflammatory phenotype was declining. It is possible that those signaling pathways which induce LTB4 

and PGE2 may actively convert the production of lipid mediators from pro-inflammatory to pro-
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resolving by triggering the production of LXs, protectins, and resolvins which might hasten resolution 

of intestinal inflammation in AGMs subjected to SLO, results which are consistent with other 

inflammatory models 56, 57.  

 

SPMs counter-regulate pro-inflammatory mediator production including cytokines such as TNF-α and 

IL-6 and eicosanoids (eg, LTB4 and TxB2), thereby promoting resolution of inflammation 58. These 

highly specific regulators are formed via the stereospecific conversion of essential PUFAs by 

enzymes, such as lipoxygenases 16. Here we found that at 7-day, AGMs with SLO displayed a 

heightened inflammatory milieu both systemically and locally within the ileocecal region. In turn, this 

led to an increase in LM profile, which was followed by a decrease from day 21 to 61 post SLO 

demonstrating a process of natural resolution. Additionally, it is plausible that endogenous 

checkpoints are fully functional and operative in AGMs avoiding further progression of inflammation 

due to SLO. Our findings here showing the sequence of active inflammation with decreased levels of 

SPMs followed by resolution of inflammation and a respective active SPM profile show some parallels 

to the inflammatory state as well as SPM profile of relapsing and remitting disease in human UC 59. 

Furthermore, it was demonstrated that patients with active UC are characterized by diminished SPM 

metabolism whereas UC patients undergoing resolution show SPM profiles which more closely 

resemble the lipid profiles of healthy controls 38. Our results demonstrate that animals undergoing 

SLO show the capability to respond to an inflammatory stimulus with the up-regulation of SPMs, a 

distinct feature which is possibly defective in UC patients during active disease and thus hinder 

resolution of inflammation and induction of remission. 

 

Profiles and protective roles of SPMs derived from PUFAs, such as DHA and EPA, have already been 

linked to protective actions in intestinal inflammation, predominantly in murine models of experimental 

colitis. In line with these reports, a distinct pattern of SPMs derived from all major bioactive 

metabolomes was observed.  
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Resolvins and protectins are highly potent lipid mediators that display potent anti-inflammatory and 

pro-resolving effects by inhibiting the production of pro-inflammatory mediators, regulating neutrophil 

trafficking, stimulating lymphatic drainage of leukocytes and promoting efferocytosis 16. Resolvins are 

divided into the D series (RvDs, derived from DHAs), six AT analogs of the D series (AT-RvD1-6) and 

the E series (RvEs, derived from EPAs). Arita et al 30  first demonstrated beneficial actions of the E-

series resolvins (RvE1), and Ishida et al 29 as well as Campbell et al20 confirmed these results. 

Focusing on D-series resolvins, Bento et al showed that AT-RvD1, its precursor 17(R)-hydroxy DHA 

and RvD2 were protective in TNBS as well as in DSS colitis. Furthermore, it has been suggested that 

PD1n-3 DPA or RvD5n-3 DPA activate distinct protective responses potentially through the engagement of 

different receptors, as demonstrated by their different actions in regulating inflammatory cytokines 

(PD1n-3 DPA regulated TNF-α, IL-1β, and IL-6, whereas RvD5n-3 DPA only partially reduced IL-1β levels). 

These studies reported an improved disease activity score, reduced colonic damage, and lower 

neutrophil infiltration after exogenous administration of both D- and E-series resolvins. The results 

from this study showing an up-regulation of theses endogenous SPMs in AGMs also concur with 

these earlier findings in rodents. Interestingly, ileocecal changes were observed in Rv production 

levels, such as a 2-fold up-regulation of AT-RvD1, RvD5, RvD6, 10S,17S-diHDPA, 5S,15S-diHETE, 

as well as RvE2 at 21-days after SLO compared to 7-day, underscoring an important role of these 

SPMs in the resolution of intestinal inflammation and suggesting an endogenous protective 

mechanism for reducing inflammation in AGMs post-SLO. Similarly, protectins and maresins, which 

are generated from DHA from single cells, also showed the same trend. We found an increase in 

MaR1 and LXA4 during the switch from inflammation to resolution between 7-day and 21-day animals 

following SLO. Of note, both of these SPMs have been previously shown to be protective when 

administered during intestinal inflammation, 32, 60 where pharmacological treatment with LXA4 

effectively promoted resolution of inflammation in experimental colitis 61. In addition, exogenous 

administration of low doses of LXA4 has been shown to inhibit neutrophil accumulation in post-
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ischemic mesenteric tissues 62 and even remote organs such as the brain 63, 64. It is therefore likely 

that increased LXA4 levels were generated by cooperative metabolism between neutrophils, platelets, 

and resident tissue cells, such as epithelial cells through human platelet 12-lipoxygenase and 

neutrophil 5-lipoxygenase 65. Consistent with this, a parallel increase was also seen in LXB4, which is 

a positional isomer of LXA4, a potent mediator and the principal lipoxin species found in mammals 66. 

 

The concept of using resolvins, lipoxins, protectins, or maresins as a target in models of inflammation 

(including intestinal inflammation) has been utilized before, underscoring the therapeutic potential of 

these molecules 67. SPMs have been proven to be effective in murine models of arthritis, 68 human 

skin inflammation 69, experimental 70 and human periodontitis 71 and they have also been shown to 

lower antibiotic requirements during bacterial infection 72. This study provides not only the first 

identification of SPMs in AGMs but it is also the first documentation of serum LM-SPM during 

intestinal inflammation in a NHP model. This study reveals a distinct trend towards an up-regulation in 

SPMs from all major bioactive metabolomes at 21-days after SLO compared to 7-day animals. These 

results concur with a recent report from a baboon model of pneumococcal pneumonia in which 

infected animals showed reduced SPM profiles 58. Following treatment these animals then displayed 

restored SPM levels, including resolvins and lipoxins. 

 

Results from both clinical and animal studies indicate that TNF-α plays critical roles in the 

pathogenesis of IBD. For instance, TNF-α deficient mice and anti–TNF-α treatments reduce intestinal 

inflammation in several animal models of IBD 73, and overexpression of TNF-α in mice provokes the 

development of a CD-like phenotype 74. TNF-α induces NF-κB–mediated mobilization of endothelial 

adhesion molecules and inflammatory mediators and can suppress (or enhance) neutrophil apoptosis 

75. As such, blockade of TNF-α is now a widely applied therapeutic strategy for managing CD. 

However, recent findings have identified a central role for TNF-α in up-regulating formyl receptor 2 

(FPR2/ALX), a central receptor that transduces the actions of pro-resolving mediators annexin A1 
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(AnxA1), LXA4, and RvD1 76, consistent with a dual role for this cytokine. It could be suggested that 

up-regulation of TNF-α could increase levels of LXA4 and other SPM in both the ileum (at day-61) and 

the colon (up-regulation at 21-days after SLO). Clinically, defective LXA4 biosynthesis is observed in 

colonic mucosa of UC patients, which may explain the increased inflammation observed in these 

patients 77. The increased mucosal biosynthesis of LXA4 (and AnxA1) has also been observed in 

individuals in medically induced remission from UC 78.  

 

Interestingly, an increase was found in platelet counts during the inflammatory state 7-days post SLO. 

It is well known that both UC and CD are characterized by quantitative and functional alterations in 

platelet characteristics such as thrombocytosis as well as heightened platelet activation and 

aggregation. Beside their established role in thrombosis and coagulation, mounting evidence 

suggests a crucial role of platelets in amplifying mucosal immune responses by eliciting pro-

inflammatory mediators and amplifying leukocyte recruitment and activation. Furthermore, platelets 

have now also been linked to the development and function of the lymphatic system as they mediate 

embryonic blood-lymphatic vascular divergence 79 and are involved in maintaining lymphovenous 

hemostasis 80. In addition, it was demonstrated that platelets (via C-type lectin–like receptor 2 

signaling) inhibit migration, proliferation, and tube formation of lymphatic endothelial cells by 

interacting with the surface protein podoplanin, and thus can inhibit lymphangiogenesis 81. This 

observation becomes even more important under inflammatory conditions in the gut since blocking 

lymphangiogenesis aggravates murine colitis and induction of lymphangiogenesis ameliorates 

experimental colitis. Sato et al confirmed the presence of platelets in lymphatic vessels of the 

inflamed intestinal mucosa during murine colitis as well as an increase in platelet count in the lymph 

collect from the thoracic duct in rats subjected to TNBS-induced ileitis 13. These results suggest that 

under inflammatory conditions platelets can migrate into the intestinal lymphatic vasculature and 

suppress lymphangiogenesis. It is therefore possible that the observed thrombocytosis 7-days post 
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SLO has at least in part blocked intestinal lymphatic remodelling and therefore aggravated the 

inflammatory state by mitigating immune cell efflux and fluid clearance. 

 

The use of NHPs in experimental basic research is indispensable since they resemble human 

physiology and immunity much more closely than any other experimental model. Among NHPs, the 

AGM is a well-accepted experimental model to study innate and acquired immunity. Though most 

studies report results in the field of viral infection 82; recently, Hao et al developed the first NHP model 

of intestinal inflammation in rhesus macaques by orally administering dextran sodium sulfate (DSS) 83. 

In addition, they used two AGMs to induce chronic colitis. Though their study clearly demonstrates the 

feasibility of using NHPs in IBD research, every DSS-based model of chemically-induced colitis more 

closely resembles features of UC than CD as this was shown in the original murine model. Thus, to 

our knowledge, the present study is the first of its kind to provide data on intestinal inflammation in 

AGMs with a more CD phenotype. In addition, our results on SPMs are the first report in this species. 

The growing body of evidence suggesting a crucial involvement of lymphatics in the pathogenesis of 

CD has created new interest in animal models to study lymphatic obstruction in relation to intestinal 

inflammation. Recently, a new animal model involving virus-induced intestinal inflammation in 

immunodeficient mice was presented, in which a chronic-active lymphangitis results in ileal enteritis 

as well as colitis 84. This model is of particular interest because the lymphatic phenotype (ranging from 

dilated lymphatics to lymphangitis) precedes the inflammatory phenotype, thus offering the unique 

possibility to study different stages in the continuum from lymphangitis to intestinal inflammation. The 

animal model of SLO which are presented here offers some additional opportunities to the research 

community: it allows the study of inflammation as a consequence of lymphatic failure and it also 

creates inflammation in the terminal ileum and not solely in the colon. 

 

New therapeutic strategies promoting endogenous resolution would represent a highly beneficial 

therapeutic approach in IBD, especially given current treatments, eg, biologics such as anti–TNF-α, 
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are immunosuppressive, expensive, and often lose effectiveness in many patients 24 So far, the 

available human data consist of trials which used nutritional strategies to supplement SPM precursors 

such as essential omega-3-polyunsaturated fatty acids. Although some studies suggest beneficial 

effects, recent meta-analyses found no evidence for the ability of omega-3-polyunsaturated fatty acids 

to induce or maintain remission in CD 85 and UC 86. However, these findings could be due to problems 

with the systemic oral delivery (especially in IBD patients with the risk of insufficient intestinal 

absorption) as well as the potential of these precursors to be metabolized to various SPMs, which 

might not be effective in controlling intestinal resolution 28. However, if SPMs could be delivered 

locally and timely, they present an attractive future therapeutic avenue to induce remission in IBD 

patients by aiding the resolution of inflammation without potential immunosuppressive side-effects. 

Furthermore, changes in pro-resolving mediator levels may represent a predictive index of therapeutic 

efficacy. This novel NHP model provides evidence of the important roles played by patent lymphatic 

flow in normal gut homeostasis and how lymphatic obstruction is an important but too often 

disregarded component in CD. Furthermore, it provides novel evidence identifying SPMs, including 

AA-, DPA-, and EPA-derived SPMs that may regulate intestinal mucosal injury, inflammation, and 

repair, supporting the resolution of inflammation in the gut of AGMs following SLO.  
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Figure Legends 

Figure 1. Identification of drainage lymph routes, lymph nodes, and surgical lymphatic 

obstruction (SLO). A-C: Representative images of SLO. A: Multiple ileal and cecal subserosal 

injections of isosulfan blue were conducted to specifically stain the lymphatic vessels and the 

respective draining lymph nodes. White asterisk marks the ileal subserosal isosulfan blue injection 

site. Black arrow indicates the draining mesenteric lymphatic vessels from the small intestine to the 

mesenteric lymph nodes, labeled with a white cross. B: Identification of the respective mesenteric 

lymph nodes following isosulfan blue injection to identify downstream lymph nodes (white cross) and 

adhered lymph node packages (dashed black line), as well as the drainage route to the cisterna chilly 

(black line). Lymph nodes from different ileal segments remain unstained (white dashed line). C: The 

central lymphatic vessels at the base of the mesentery were ligated with non-reabsorbable sutures (6-

0) avoiding manipulation of ileal/ileocolic arteries and veins. White arrows mar the respective ends 

after dissecting the central lymph vessel. 

 

Figure 2. Persistent lymphostasis coupled with lymph backflow induced by surgically-induced 

lymphatic obstruction (SLO). Following the respective follow-up period of 7-, 21-, or 61-days, all 

animals (including sham) underwent a relaparotomy for evaluation of SLO by intestinal lymphography. 

A: Representative conventional x-ray radiograph, taken following the injection of a lymph-specific dye 

(Lymphazurin) and a radiographic contrast agent (Lipodol) into mesenteric lymph nodes, show the 

regular outflow from the intestine via intestinal lymphatics into the cisterna chyli (white arrow) and into 

the thoracic duct in sham animals. Representative photographs taken from SLO animals after 

injection of Lymphazurin into prior sclerosed lymph nodes. Photograph taken 7- (B) and 21- (C) days 

after SLO. White asterisk marks the injection side; black dashed lines mark the pooling of dye without 

any outflow from the respective lymph node. The mesenterium appears thickened with a fibrin layer at 

7-days (B) and looks recovered, but signs of lymphostasis remain at 21-days (C). D: Photograph 

taken 21-days after SLO. White arrows show irregular backflow of dye from the lymph node into the 
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small bowel. These findings were confirmed by intestinal lymphography showing pooling of contrast 

agent in the sclerosed lymph nodes without any clearance into the cisterna chyli (white arrow). 7- (E) 

or 61- (F) days after SLO. G: Hematoxilin and eosin (H&E) section of sclerosed intestinal lymph 

nodes reveal necrotic zones without any evidence of further damage to the capsule and show a rich 

immune cell infiltration. H and I: H&E–stained cross-sections were examined for signs of inflammation 

and lymphostasis. H: Pronounced serosal reaction and vasculitis (black star). I: Profound lacteal 

dilation (black cross) in the villar tips as well as a serosal lymphatic dilation. 

 

Figure 3. Markers of disease progression after surgically-induced lymphatic obstruction (SLO). 

Sham animals (0-days after SLO) as well as animals undergoing SLO were subjected to the weekly 

clinical examination and blood testing up to the respective time point of necropsy (7-, 21-, and 61-

days). A: Compared to the sham group (open box), animals subjected to SLO (closed box) showed a 

slight decline in weight gain over the course of the experiment; however, it is not statistically 

significant. B: SLO results in a 12% increase after 7-days in white blood cell count (WBC), as well as 

a significant decrease in WBC at 61-days compared to the sham group. C: SLO results in a significant 

increase in platelet count after 7-days, which returns to baseline values at 21- and 61-days post SLO. 

No differences are seen when analyzing the laboratory lipid profile consisting of cholesterol (D), direct 

low-density lipoprotein (LDL) cholesterol (E), high-density lipoprotein (HDL) cholesterol (F), 

triglyceride (G), and albumin (H). B-G: The control group (0 days after SLO) includes samples from all 

animals, taken at the pre-study examination. Data are representative of 15 pre-study control African 

Green monkeys (AGMs) at 0-days after SLO, 12 experimental AGMs at 7-, eight AGMs at 21-, and 

four AGMs at 61-days after SLO. Results are mean ± SEM, *P < 0.05 vs sham. 

 

Figure 4. Local and systemic chemokine and cytokine profiles following surgically-induced 

lymphatic obstruction (SLO). A-H: Serum samples were collected from experimental animals at 7-, 

21-, or 61-days after SLO. The control group (0 days after SLO) includes samples from all animals, 
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taken at the pre-study examination. I-P: Tissue samples (ileum) were harvested at 7-, 21-, and 61-

days post SLO. Samples from sham animals (0 days after SLO) were also taken at these time-points. 

All serum samples were analyzed for changes in chemokines and cytokines using Luminex 

immunoassay kits. Results are mean ± SEM. A-H: Data are representative of 15 pre-study control 

African Green monkeys (AGMs) at 0-days after SLO, 12 experimental AGMs at 7-, eight AGMs at 21-, 

and four AGMs at 61-days after SLO. I-P: Data are representative of four AGMs with SLO per time-

point and one sham per time-point. *P < 0.05 vs sham, **P < 0.01 vs sham, ***P < 0.001 vs sham. 

 

Figure 5. Specialized pro-resolving lipid mediator biosynthesis in the small bowel of African 

Green monkeys (AGMs). Ileum samples were taken from AGMs at 7-, 21-, and 61-days post 

surgicallyinduced lymphatic obstruction (SLO). Samples from sham animals (0-days after SLO) were 

also taken at these time-points. Lipid mediators (LMs) were assessed using targeted LC-MS/MS–

based LM metabololipidomics (see Materials and Methods). Cytoscape network analysis shows 

changes in the DHA, AA, and EPA metabolomes at 21 days vs 7 days (top panel) and 61 days vs 21 

days (bottom panel) post SLO. Colors represent the magnitude of fold change (red = increased, blue 

= decreased), and the size of the circle correlates with abundance (pg/500 mg tissue). Data are the 

means of four AGMs with SLO per group.  

 

Figure 6. Specialized pro-resolving lipid mediator biosynthesis in the colon of African Green 

monkeys (AGMs). Colon samples were taken from AGMs 7-, 21-, and 61-days post surgically-

induced lymphatic obstruction (SLO). Lipid mediators (LMs) were assessed using targeted LC-

MS/MS–based LM metabololipidomics (see Materials and Methods). Cytoscape network analysis 

shows changes in the DHA, AA, and EPA metabolomes at 21 days vs 7 days (top panel) and 61 days 

vs 21 days (bottom panel) post SLO. Colors represent the magnitude of fold change (red = increased, 

blue = decreased), and the size of the circle correlates with abundance (pg/500 mg tissue). Data are 

the means of four AGMs with SLO per group.  
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Figure 7. Schematic overview of surgical lymphatic obstruction (SLO). Left: Normal lymphatic 

vessel structure and function in sham African Green Monkeys (AGM): Subserosal injection of the 

lymph-specific dye Lymphazurin rapidly stains lymphatic capillaries within the bowel wall with a 

unidirectional flow (yellow-green arrow) into collecting vessels within the mesentery without any signs 

of dye pooling. Right: Disturbed lymphatic structure and function in AGMs following SLO: Subserosal 

dye injection leads to lymphastasis within the lymphatic capillaries of the bowel wall. The mesentery in 

the ileocecal region is thickened and shortened while the bowel loops are edematous. The prior 

sclerosed lymph nodes show no sign of physiological lymph transport (black-red arrow). 

 


















