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OBJECTIVESOBJECTIVES
1 R i th l f i fl t /i1. Review the role of inflammatory/immune 

pathways in the pathogenesis of acute 
kid i jkidney injury

2. Identify therapeutic targets that can help 
ameliorate AKI

3. Introduce pituitary adenylate cyclase p y y y
activating polypeptide 38 (PACAP38) as 
potential therapy

4. Discuss research findings on PACAP's 
actions on kidney injury pathways.y j y p y



Background
• Ischemia/Reperfusion (IR) is a common causes of 

AKI 

• Both innate and adaptive immune systems 
ti i t i th i fl t t l IRparticipate in the inflammatory response to renal IR 

injury, and play a key role on the outcome.

• PACAP38 is an endogenous pleiotropic peptide with 
well-known immune modulatory and renoprotectivewell known immune modulatory and renoprotective
properties in IR and nephrotoxin-induced injuries.

• We evaluated the modulating role of PACAP on 
immune responses that contribute to ischemic AKI in 
cultured kidney proximal tubule cells and in micecultured kidney proximal tubule cells and in mice.



Causes of reduction in generalized or regional renal blood flow (RBF)

Bonventre JV yang L J Clin Invest 2011 November 1; 121(11): 4210 4221Bonventre JV, yang L. J Clin Invest. 2011 November 1; 121(11): 4210–4221.



Pathology After Ischemia In Humans

Bonventre JV, yang L. J Clin Invest. 2011 November 1; 121(11): 4210–4221.



Jang & Rabb Clinical Immunology (2009) 130, 41–50



Innate vs Adaptive immune system

Innate immune system Adaptive immune system

Innate vs Adaptive immune system

y p y

Response is non-specific --against 
conserved (pathogen-associated) 

Pathogen and antigen specific
conserved (pathogen associated) 
molecular patterns –PAMPs)

Exposure leads to immediate maximal 
response

Lag time between exposure and maximal 
responseresponse response

Cell-mediated and humoral components Cell-mediated and humoral components

No immunological memory Exposure leads to immunological 
memory

Found in nearly all forms of life Found only in jawed vertebratesFound in nearly all forms of life Found only in jawed vertebrates



Toll like receptorsToll‐like receptors

TLR f i i (PRR)• TLRs are a type of pattern recognition receptor (PRR) 
and recognize molecules that are broadly shared by 
pathogens but distinguishable from host moleculespathogens but distinguishable from host molecules, 
collectively referred to as pathogen‐associated 
molecular patterns (PAMPs). p ( )

• TLRs together with the interleukin‐1 receptors form aTLRs together with the interleukin 1 receptors form a 
receptor superfamily known as the "Interleukin‐1 
Receptor/Toll‐Like Receptor Superfamily"; all members 
of this family have in common a so‐called TIR (Toll‐IL‐1 
receptor) domain.



TOLL‐LIKE RECEPTORS (TLRS)

Christiane Nüsslein‐Volhard,  1985

"Das ist ja toll!"

The Nobel Prize in Physiology or Medicine 1995
Edward B. Lewis, Christiane Nüsslein‐Volhard, Eric F. Wieschaus
"for their discoveries concerning the genetic control of early embryonic development"for their discoveries concerning the genetic control of early embryonic development .



h b l i i h i l di i b l iThe Nobel Prize in Physiology or Medicine 2011". Nobelprize.org. 8 Mar 2013
http://www.nobelprize.org/nobel_prizes/medicine/laureates/2011/



The Nobel Prize in Physiology or Medicine 2011
Bruce A. Beutler, Jules A. Hoffmann, Ralph M. Steinman



Toll like Receptors GlossaryToll‐like Receptors Glossary

MYD88 Myeloid differentiation primary response gene (88)• MYD88--Myeloid differentiation primary response gene (88) 
• Mal--MyD88 adapter like 

IRF i t f l t f t• IRF--interferon regulatory factor 
• IRAK-4-- IL-1 receptor-associated kinase-4

TIR T ll/IL 1 t• TIR--Toll/IL-1 receptor, 
• TRIF--TIR-domain-containing adapter-inducing interferon-
ββ,

• TRAM--TRIF-related adaptor molecule, 
• TRAF 6 TNF receptor associated factor 6• TRAF-6-- TNF receptor–associated factor-6
• IRF--interferon regulatory factor
• PAMP pathogen associated molecular pattern (i e CpG)• PAMP-- pathogen associated molecular pattern (i.e., CpG)





TLRs and their ligands



Regulation of TH cell development by TLRs on APCs





The MyD88‐dependent and independent 
pathways in TLR signaling



Pituitary Adenylate Cyclase Activating 
Polypeptide (PACAP)

11 27               3827               38

HSDGIFTDSYSRYRKQMAVKKYLAAVLGKRYKQRVKNK*HSDGIFTDSYSRYRKQMAVKKYLAAVLGKRYKQRVKNK*

PACAPPACAP

HSDGIFTDSYSRYRKQMAVKKYLAAVLGKRYKQRVKNK*HSDGIFTDSYSRYRKQMAVKKYLAAVLGKRYKQRVKNK*

HSDAVFTDNYTRLRKQMAVKKYLNSILN*HSDAVFTDNYTRLRKQMAVKKYLNSILN*HSDAVFTDNYTRLRKQMAVKKYLNSILN*HSDAVFTDNYTRLRKQMAVKKYLNSILN*
11 2828
VIPVIP

*: amide*: amide



PACAP38
• PACAP is a pleiotropic peptide --functions as a 

neurotransmitter, neuromodulator, neurotrophic factor, 
dil t h li i t h l ivasodilator, non-cholinergic catecholamine 

secretagogue
PACAP h t t i d l t ff t• PACAP has potent immunomodulatory effects on 
various immune responses by suppressing or 
stimulating the production of proinflammatory cytokines. g p p y y

• Modulates p38MAPK
PACAP i b i l d t ti l th f• PACAP is being explored as potential therapy for a 
variety of autoimmune and inflammatory diseases, such 
as, rheumatoid arthritis, septic shock, asthma, Crohn’s , , p , ,
disease, primary pulmonary hypertension, and multiple 
sclerosis. 



Sherwood, N. M. et al. Endocr Rev 2000;21:619-670



Sherwood, N. M. et al. Endocr Rev 2000;21:619-670



PACAP



Schematic diagram illustrating PACAP-mediated neuroprotection after ischemia.

Ohtaki H et al. PNAS 2006;103:7488-7493



In previous studies we have observed that:In previous studies we have observed that:
• PACAP-38 is renoprotective in:

– myeloma kidney; also promotes tumor killing
– cyclosporine, cisplatin, radiocontrast, gentamicin, 

doxorubicin and diabetic kidney injurydoxorubicin, and diabetic kidney injury
– renoprotection even 24 – 48 h after injury (cisplatin)

• PACAP has immunomodulatory properties 
– ameliorates inflammatory pathways (NF-κB, MAPKs, 

cytokine transcriptions)cytokine transcriptions)
– pro-life (opposes apoptosis) 
– opposes EMT (reduces TGF-β1)pp ( β )
– helps uncommitted cells regain their tubule epithelial 

phenotype



STUDIES ON ISCHEMIA/REPERFUSION (IR) INJURY
Methods– Cell Culture StudiesMethods Cell Culture Studies

• Culture of human renal PTEC, MyD88 RNA interference: HK-
2 ll lt d t 37°C i h idifi d t h f2 cells were cultured at 37°C in a humidified atmosphere of 
95% air-5% CO2, nourished at intervals of 3 to 4 days, and not 
passaged beyond 15 passages. HK-2 cells, grown to 30%-40% p g y p g , g
confluence, were transfected with shRNA plasmids or infected 
with shRNA lentiviral particles that were designed specifically for 
knocking down the expression of the MyD88 geneknocking down the expression of the MyD88 gene.

• Primary cultures of PTC from MyD88-/- mice
• Simulated IR injury in vitro: HK-2 cells were subjected to 

hypoxia-reoxygenation (HR) by immersing the cell monolayers 
in mineral oil for 1 h at 37oC and after extensive washing re-in mineral oil for 1 h at 37 C, and after extensive washing, re
incubating them in fresh, supplement-free medium for 24 h.



STUDIES ON ISCHEMIA/REPERFUSION (IR) INJURY
Methods mouse studiesMethods- mouse studies

Male C57BL/6 miceMale C57BL/6 mice 
20-25 g, 6-8 week old, N = 4 in each group
– Sham-operated group
– IR group--45 min bilateral IR
– IR+PACAP group; PACAP38 20 µg/100 µl saline, i.p. 

either 1 h before IR and/or at 24 h and 48 h after IR
All mice were euthanized at 72 h
Mouse TLR signaling pathway PCR arrayg g y y
Assayed selected inflammatory cytokines



Time-course of Keap1 and Nrf-2 mRNA expression in HK-2 
cells subjected to hypoxia for up to 90 mincells subjected to hypoxia for up to 90 min



The expression of Nrf‐2 transcripts in WT and MyD88 ‐
knockdown HK 2 cells subjected to hypoxia/reperfusionknockdown HK‐2 cells subjected to hypoxia/reperfusion 

(by semi‐quantitative real‐time RT‐PCR)
))



Effect of Ischemia/reperfusion on Nrf2 and HO-1 
mRNA expression in WT and MyD88−/− PTC



IL‐6 production in medium in cultures of WT and MyD88‐
knockdown HK 2 cells subjected to hypoxia/reperfusionknockdown HK‐2 cells subjected to hypoxia/reperfusion

(by ELISA) 

** P < 0.001



MCP‐1 production in culture medium of WT and MyD88‐
k kd HK 2 ll bj d h i / f iknockdown HK‐2 cells subjected to hypoxia/reperfusion

(by ELISA) 

** P < 0.001



PACAP38 Down Regulates TLRs in in Mouse Kidney 
after IR
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Effect of PACAP38 on Adaptors, Effectors and 
Adaptive Immunity in TLR PathwaysAdaptive Immunity in TLR Pathways
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Delayed Administration of PACAP in I/R‐ induced AKI—
Selected TLRs and Cytokinesy

A.‐M. Khan et al. / Peptides 38 (2012) 395–403



Effect of PACAP on TLR4, MyD88 and co‐effector 
molecules in mouse kidney cellsmolecules in mouse kidney cells

Li /Khan /Maderdrut /Simon /Batuman Am J Nephrol 2010;32:522–532



Effects of PACAP38 (10‐8 M) on the expression TLR4, MyD88, IL‐6 and MCP‐1 
transcripts in mouse kidney, wild‐type and MyD88– /– renal PTEC cultures



Effect of PACAP38 on TLR’s Down Stream 
NF-κB PathwaysNF κB Pathways
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RT-PCR Analysis of the Four Major 
Participating GenesParticipating Genes
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Effect of PACAP38 on TNF-α After IR¶¶
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PACAP38 Ameliorates Inflammatory Cytokines in 
Mouse Kidney After IR¶Mouse Kidney After IR¶
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Effect of PACAP38 treatment in I/R mice; Li et al; Am J Nephrol 2010



Delayed administration of PACAP 38 ameliorates renal I/R injury 
in mice by modulating Toll‐like receptorsg

A.‐M. Khan et al. / Peptides 38 (2012) 395–403



Delayed Administration of PACAP in I/R‐ induced AKI—Kidney  parameters

A.‐M. Khan et al. / Peptides 38 (2012) 395–403



TLRS IN ACUTE KIDNEY INJURY AND THE EFFECTS OF PACAP



CONCLUSIONSCONCLUSIONS

i i ( ) l i1. Innate immunity (TLRs) plays an important 
role in the pathogenesis of I/R AKI

2. PACAP38 modulates innate immune 
responses and maybe an effective therapy forresponses and maybe an effective therapy for 
AKI even 24 h after injury

3. Steps in innate immune response pathways 
in AKI may provide opportunities for novel y p pp
therapies
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