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Resolving Inflammation Stimulates Tissue Regeneration via Novel Mediators



Today's Outline Presentation; o What immune factors and pathways

o play a role in regeneration ?

Endogenous Control Mechanisms In Resolution of Inflammation:
Role of Pro-Resolving Lipid Mediators 

Novel Mediators for Regenerative Medicine
© 2021 cnserhanlab



Acute inflammatory 
response and its
Ideal outcome:

Complete Resolution
SPM superfamily 
Lipid Mediators

CN Serhan et al 2018

Cessation of inflammation without 
suppuration.

The return to normal

Decomposition; absorption or breaking down 
of the products of inflammation. 

Taber’s Medical Dictionary

Systems Approach Mapping Resolution
Temporal-Differential Analyses of Resolution

miR, Proteomics, lipidomics

SPM
Specialized Pro-Resolving Mediators  

functions



Cessation of 

Neutrophil infiltration

SPM

Increase clearance and killing

(efferocytosis  & 

phagocytosis)

Structure-Functional Elucidation of  Novel Resolution Phase Mediators

C.N. Serhan et al., Semin Immunol. 2015; 27:200-15

Resolution Indices 

Fibrin Clot 

Pro-Resolution ≠  Anti-Inflammatory  

Immunoresolvents stimulate resolution



Chemical Mediators in Inflammation - Resolution

PGE2,  PGD2

SPM 
Pro-Resolving Mediators 

Protectins PD1

Annexin-1

Ac2-26

Maresin R1   regeneration &  pain

Resolvins E series D series 

Lipoxins

IL-1b

IL-4, IL-8

Prostaglandins

TNF-a

LTC4 , LTE4, LTD4

C3b, C5a Histamine

LTB
4

PAF

Classic Pro-inflammatory 
mediators 

Cardinal Signs 

10-3 M10-14 M

Proteins, PeptidesLipid Mediators

EPO, Angiotensin peptides

Agonists of Resolution 

Signs of Resolution 
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Human Neutrophil Swarming 
Experimental and Simulation Overlay

Experimental:
• Human neutrophils (red)
• Zymosan target (green)

Simulation overlay 
• LTB4 gradient (blue)
• Moving neutrophils (red)
• Chemotaxing neutrophils 

(green circles)
*Hundreds of Peptide Mediators

1st responders PMN Swam like sharks
50µm

Reategui et al



**

Validation of STOP Signals with 

Human Neutrophils

Control
LXA4

© 2021 cnserhanlab

SPM stop human PMN
swarms 

Direct Evidence 

Bioengineer tool to assess immune status ?



Complete stereochemistry & biosynthesis

established for each pathway

Specialized Pro-Resolving Mediators :SPMs

Aspirin Network Resolution Metabolome: LC-MS-MS based profiling

• Reduce pro-inflammatory cytokines and their counter-

regulation , reduce eicosanoid storms

• Enhance PMN clearance and bacterial killing 

• Stimulate phagocytosis of apoptotic PMNs (efferocytosis)

• Increase removal of inflammatory debris via lymphatics

• Reduce Pain             Shorten Ri resolution interval       

Pro-Resolving Functions   
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Translational Potential of SPM
confirmed functions : Animal Models 

Neural Inflammation / Pain
Stroke 

Pain

Epilepsy

Neuronal cell survival

Infection control
Bacterial sepsis

Bacterial aspiration pneumonia

Viral keratitis

Inflammation
Gut, IBD Brazil

Lung

Joints, Arthritis RvD1 RvD3

Periodontitis  ( Rabbit, minipigs)

Vessel/endothelium

Acute/chronic

Tissue repair/wound healing
Cornea, Retina. skin

Promote vessel growth

Anti-Fibrosis

Septic wound

Tissue protection
Myocardium

Kidney

Cornea

Retina

Neovascularization

Lung

RvE1, NPD1,

RvD1, RvD2, RvD3 

RvE1, NPD1, RvD1, MaR1

RvE1, D series Rv, PD1

RvE1, NPD1, RvD1, MaR1 

RvE1, RvD1, MaR1, NPD1
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picomolar to nanomolar quantities

100 -1000X more potent than NSAID

100X more potent 

than morphine

Cancer  Models

resolvins pubmed.gov



© 2021 CNSerhanlab

Human lung, spleen, marrow, lymph nodes, Brain

Muscle

Adipose

Biomarkers of Resolution Status ?



How Do SPMs Work? Novel MOA   

SPM Reduce both 

EICOSANOID & CYTOKINE STORMS

 Prostaglandins (COX-2 expression), Leukotrienes  (LTB4, LTC4, 

LTD4) 

 PAF formation and actions

Chemokines and cytokines                                                    

 TNFa, IL-1b, IL-6, IL-8, IL-12, etc.                          IL-10

 NF-kB activity, Inflammasome NLRP3 A20, SIGIRR

MicroRNAs , Growth factors (VEGFs) 

 Edema

Time (h)

Inflammation

Inflammation

+ RvD1
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6
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4
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0 12 24 36 48

Ri ~20h  

*
Ri ~12h  

Resolution Indices

pico to nanogram 

SPM limit the magnitude  and 

duration and of the acute 

inflammatory response.
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SPM Network Biosynthesis and Receptors

from
Molecular Aspects 

Medicine 2021
© 2021 CNSerhanlab

Kd=nM
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Cell Type-Specific Mechanisms 

and Receptor-Mediated Actions of SPM

Serhan, Chiang and Dalli, Mol Aspects Med. 2018 

swarm

Innate immunity



• Resolvins enhances myofiber regeneration by modulating muscle stem cells

• neural Stem Cells Wada et al FJ       MSC  Perrella et al 
• Resolvin-D2 targets myogenic cells and improves muscle regeneration in muscular dystrophy. 

Dort et al Nat Commun. 2021 Oct 29;12(1):6264. 

SPM stimulate Stem Cells 

• human periodontal ligament stem cell 

migration, accelerating wound closure 
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Creating Nano Pro-Resolving Medicines (NPRMs): Mimic 
Endogenous Resolution Mechanisms

Humanized Nanoparticles : Resolution Mimetics

resolvin precursors

Time (h)

P
M

N
 n

u
m

b
e
r

PMN-derived

microparticles OH
COO-

Initiation Resolution

Acute Inflammation NPRM construction

Anti-Inflammatory

Pro-Resolving

Nanoparticles

Enriched 

nanoparticles

+ Resolvin D1

+ 1,2-dioleoyl-glycero-3-

phospho-

L-serine-N (7-nitro-2-1,3-

benzoxadiazo-4-yl)

Tracking 
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Human Leukocytes
Control Inflammation 



Humanized Nano Pro Resolving Medicines:    

construction & characterization.

• NPRMs limit PMN infiltration to 

inflammatory sites, enhance wound 

healing and are protective in TMJ & 

Age-related delay in Resolution

TMJ: temporomandibular disorder

Articular 
eminence

Temporomandibular joint

(TMJ) Inflammation 
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Mini-Pig Model of Periodontal Disease  Regeneration© 2021 cnserhanlab

CT



Biosynthesis and actions of novel cys-SPMs in 

planaria head regeneration 

© 2021 cnserhanlab

Conserved molecular targets for 

pro-regenerative environment ?

cys-SPMs



COOH

S

OH

NH2

HOOC

COOH

S

HO

NH2

COOH

COOH

HO

OH
S

NH2

HOOC

MCTR3

PCTR3

RCTR3

Macrophages (red) 

phagocytosis of 

E. coli (green)

https://www.ncbi.nlm.nih.gov/Structure/pdb/1FLL

TRAF3

CD40

© 2021 cnserhanlab



• Active Resolution Programs of Inflammation           

via cell surface GPCRs

• Intrinsic Controllers of Infection

lower the doses required for antibiotic treatment:  

SPM are not immunosuppressive

• Stimulate Tissue Regeneration

Stereospecific pico to nanomolar

© 2021 cnserhanlab

From C.N. Serhan FASEB J 2017 

Endogenous Resolvins Specialized Pro-Resolving 

Mediators ( SPM ) and cys-SPM: Functions 

Resolution Phase Mimetics Potential 
Regenerative Therapies ?

Summary



National Institutes of Health    

Program Project Grant P01GM095467

Thank you !

© CNSerhanlab

P50-DE016191
CN Serhan, PI/PD

Acknowledgements





CN Serhan Nature  vol 510 June 2014 ; FJ 2017

Resolution of Inflammation is an Active Process 

With Novel Mediators & Control Mechanisms

© 2021 cnserhanlab

Inflammation
Resolution

New concept 
active process



The Acute Inflammatory Response and Lipid Mediator Biosynthesis

© 2021 cnserhanlab

Summary

Adapted from: Serhan & Levy JCI 2018.

Tissue regeneration, repair, 
and wound healing.

cys-SPM biosynthesis 
(MCTRs, PCTRs, and RCTRs)



Resolvin Scaffold Systems Promote Regeneration  

RvD1  prepared using Pluronic F127 gel 

RvD1 wrap prepared using a thin 

bilayered poly(lactic-co-glycolic acid) 

(PLGA) film

Hydrogels , PEGs

• Perivascular delivery of RvD1 gel or wrap 

reduce neointimal hyperplasia within 

rabbit vein grafts

• Intramucosal injections of 

nanoparticles containing RvE1 promote 

intestinal epithelial wound repair

© 2021 cnserhanlab



Endogenous Control Mechanisms In Resolution of Inflammation:
Role of Pro-Resolving Lipid Mediators 

© 2021 cnserhanlab

o What immune factors and pathways play a role in regeneration ?

failed resolution

Today's Outline Presentation;

Novel Mediators for Regenerative Medicine



 Neutrophil accumulation 

 Calcineurin

 Hepatic tissue injury 

 Serum ALT and AST levels 

 IFNg

 IL-10

 Survival

RvE1 & LXA4 – Kidney transplantation

LXA4 – Cardiac transplantation

ATLa (LXA4 analog) RvE1

RvD1 – Corneal transplantation

LXA4 – BMT induced GvHD

 DC maturation

 IFNg–secreting T cells 

 T-cell infiltration

 Angiogenesis

 Survival

COOCH3

RvD1 analog

SPM & Analog Mimetics Lessons from 
Transplant Models

© 2021 cnserhanlab



Loss of Resolution (reduced SPMs) in Humans

Failed Resolution Mechanisms? Aging ?  

Atherosclerosis 

(e.g. SPM to LTB4 are reduced in plaques)

Dry eye  

Autoimmunity 

Arthritis (synovial fluid)

Obese patients (omental adipose 
tissue)

Alzheimer’s disease (brain and 
cerebrospinal fluid)

Smokers

Periodontal disease

Serhan, Nature, 2014
Serhan & Levy, , JCI, 2018

© 2021 CNSerhanlab

Substrate level  

biosynthesis enzymes

SPM-receptor defect

genetic defects



Mapping Lipid Mediator in Host Defense 

Programs using LM-Metabololipidomics 



TISSUE INJURY              

Are there Novel Mediators in 
resolving infectious exudates that activate 

tissue regeneration?

Vessel 
break 

Bacterial Invasion

Cell death

© 2021 CNSerhanlab
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Dalli et al 

Resolving E. coli Exudates  Isolates Contain 

Novel Molecules that Promote Tissue Regeneration

Surgically injured planaria incubated with SPE-C isolate fraction 2 from E. coli resolving infectious exudates (REs), human milk, 

maresin 1 (100 nM), or vehicle (surgical injury; water containing 0.01% EtOH).

Tissue regeneration indices were determined. T50, time interval corresponding to 50% of maximal tissue regeneration 

(TRI50)=Results are mean ± SEM (n = 9 per group).
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Tissue 
Regeneration

Chemical 
Mediators

E. coli infectious
Mouse exudates

Human
milk

Human
macrophages

Anti-Inflammatory

Pro-Resolving

MaR1 Directly 
Activate

Regeneration 

Hunt for Novel Endogenous 
Controllers 

Are there Novel Mediators in 
resolving infectious exudates that activate 

tissue regeneration?

© 2021 CNSerhanlab



Resolution of Inflammation is Delayed 

in Aged Mice 
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Time (h) 

Young mice 

peritonitis

Aged mice

peritonitis

% increase in 

aged mice

Ψmax (x106) 5.2±0.9 12.3±2.1 136%

Tmax (h) 4.0 4.0 -

T50 (h) ~ 14.0 ~22.5 61%

Ri (h) ~10.0 ~18.5 85%

Young (2 month old) and 

aged (20 month old) mice;

0.1 mg zymosan i.p.
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Uptake of Apoptotic PMN is Impaired 

in Macrophages from Aged Mice: Resolvins & Nano-PR Medicines
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• Human Monocyte-derived Resolvin-

NanoPRMedicines reduce inflammation 

and stimulate resolution in aged mice 
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Resolving Inflammation Stimulates Tissue Regeneration 

via Novel Mediators

o What immune factors and pathways play a role in regeneration ?



• NPD1 decreases the lesion area at bregma 

Photomicrograph of brain slide in dark field illumination 

showing lesion are marked for quantification.


