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Penetration & targeting of membrane
barriers

Intended learning outcomes

To understand the penetration of membrane barriers in
improving the bioavailability and targeting of drugs:

a) epithelial membrane barriers, including

e protein absorption eg insulin

absorption enhancers

e chronic lung infection targeting

e choroid plexus CSF secretion & targeting of brain
b) endothelial membrane barriers including

* blood brain barrier (BBB) targeting of brain

e tumour & infection targeting



Introduction: targeting tissues by selective
penetration / transport at membrane barriers

Transporters at blood &
tissue side of barriers Epithelial Endothelial
selective for each organ. transport transport

Pharma’s ideal ‘Rule of ¢=
5’ drugs unselective,
penetrate all barriers,
suffer drug efflux, 1
pass metabolism etc.

Many large & hydrophilic
(eg viruses, proteins,
hormones) fail Ro5 but
selectively transport at [CSF = cerebro-

organ & tissue barriers.  Spinal fluid] 1

Tight junction biology
Tight junctions (TJs) connect epithelial & endothelial cells >

(1) polarity fence functions, and (2) barrier functions regulating
permselective passage of molecules across tissue membranes
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Tight junction structure

Becindin

Roles of 3 families of
membrane proteins:

¢ claudins form tight
junction barriers

¢ occludins interact
with regulatory
Eroteins (eg

inases), actin

e Ig suBerfamin
member JAM
involved in
inflammatory
reactions, including
extravasation of
white cells

E-C adiverin

Dysfunction of tight junctions eg
@ epithelia: jaundice (biliary), diarrhoea (GIT)
@ endothelia: edema (tissue swelling)

Tight junction opening & closing

e Opens =
phophorylation of A '9uneton closes
myosin light chains 1
(MLC) by myosin MLC
light chain kinas? - C) i
(MLCK) contraction
& openin MLC-P

g 8 l Inhibition
¢ Closes
dephosphorylation Tight junction opens

of MCL-P reverses &
closes



Many cytokines & pathogens affect TJ barriers

¢ Increasing or protecting barrier function:

— EGF, TGF-, GDNF, neurturin,84 IL-10, IL-17
e Decreasing barrier function:

— IFN-y, TNF-a, HGF, TGF-a, IGF-1, IGF-Il, VEGF, IL-1, IL-4, IL-13
¢ Functional changes (tight junction proteins targeted)

— Clostridium perfringens (claudin-3, -4)

— Vibrio cholerae (occludin)

— reovirus (JAM)

— Coxsackievirus and adenovirus (CAR)

— Dermatophagoides pteronyssinus (occludin, claudin-1) dust
mite allergy

e Change in actin by modulation of Rho & myosin kinase
— Clostridium diphtheriae & difficile, pathogenic E. coli

¢ Indirect mechanisms such as phosphokinase C & other
activations: Bacteroides fragilis, Helicobacter pylori, rotavirus

Mucosal lymphatic delivery
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Case study: insulin inhalers
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Epithelial permeation enhancer
approaches

» Aggregation inhibitors

» Charge modification

* pH control

» Degradative enzyme inhibitors
* Mucolytic or mucous clearing
* Biomembrane penetration

» Vasodilators

» Selective transport

How is each likely to effect membrane permeation?



Example: chitosan permeability enhancement
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Example: alkyl saccharide
permeability enhancement

Sugar-based surfactants: -

e single chain (octyl .
glucoside) widely used | |

=3

as a gentle detergent,
but with much less
permeability
enhancement than

e multi-chain alkyl
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Example: alkyl saccharide enhanced
bioavailability of proteins

TDM: oral/GIT heparin absorption

Drug Approximate Bioavailability References
H Molacular at 0.125% TDM
g & Weight
3. [ntestinal tkDa 6% Yang et af, 2005
§ LMWH
N Pulmonary GkDa 22%-24% Hussain and Ahsan,
L] inaulin 2005
1
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Revision: endocytosis

Other non-clathrin modes:
e surface tubules for entry
of macrophages (STEM)

e smooth invaginations

¢ non-clathrin coated pits.

Phagocytosis

Pinocytosis

. . Caveol
Macropinocytosis A

Membrane

ruffle Polymerized

\\-_/\.
e

Clathrin
coated pit

Macropinosome
mf 1997 the American Physiological Society

Non-clathrin
coated pit

Clathrin-dependent
receptor-mediated
endocytosis

Clathrin-independent
fluid phase endocytosis
& pinocytosis



Transcytosis across membrane barriers

Transport of large hydrophilic proteins, nanoparticles efc across
epithelial & endothelial barriers by endocytosis and exocytosis

BEH & [Apical])

¢ Endocytosis systems at
each pole not shown

e Common sorting (SE)
compartments T |
— to recycle to poles (RE), Rab5™ o Ly Rab4
— to degrade contents via
late endosomes (LE) or
— to sort into transcytosis & - :
vesicles (TCV), which §  Rab7
secrete (exocytosis) across
cells. NU
e Rab GTPase proteins
associated with control of
each stage of vesicle traffic

)
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FCcRn recycling & transcytosis

At mucosal barriers (gut, lung..), Fc endocytosis at the apical side
(external) transfers via sorting vesicles to exocytosis on the basolateral
side. Like recycling, FcRn binds at acidic pH & releases at neutral pH.
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Example: transcytosis via FcRn

Polymer NP with PEG stealthing and Fc region of mAb,

iﬁm}ﬁ

10-15% dose absorbed per hour (cf ~1% without) via FCRN \\‘:ﬁ} ﬁ_"\
receptor expressed in small intestine (80% less in colon) V%ULC" A

MP-Fc
2.5
zo4 |
2o 1.5
=
= 1.0
0.5 1
0.0 +
Spleen Kidneys Liver Heart Lungs
CcC a —
Iy
3 f\ *“,,_+\ = NP-Fc
= ¢ ,
=219 / ™,
/ N,
1/ .
! %
o SUNPRSrL SE 55D S
0 2 4 & 8
Time (h)

s ]

Intestinal lumen (pH 6.0) NP-F¢ 0
. Protein

b ¥
FcRn A pH-mediated
: binding and uptake of

NP-Fc by the FcRn

|

*‘ 4
%—%&%ﬁ

{J}, C. Exocytosis and pH-
§

mediated dissociation of
NP-Fc from FcRn

Lamina propria (pH 7.4)

© 2013 Pridgen et al. Science & Translational Med 5(213): 213ral67

Intestinal transcytosis receptors

Receptors:

e Neonatal Fc receptor
(FCcRn, FcGRT)

e Polymeric Ig receptor
(PIGR)

e Lactoferrin receptor
(ITLN-1)

e Intrinsic factor receptor
(CUBN, AMN)

e Bacterial toxin
receptors

Ligand:
e Fc tail region of IgG
antibody

* plgA
e lLactoferrin

e Vitamin B12, folate

e Shiga & some cholera
toxins




Example: Vitamin B12 — nanoparticle
transcytosis across lung epithelial cells

—&— Bi2-conjugated NPs (50 nm, with IF)

0 B12-conjugated NPs (50 nm, without IF)
—&— Bi2-conjugated NPs (100 nm, with IF)

4A— B12-conjugated NPs (100 nm, without IF)

e NP flux very low
— 0.047 ng/s/cm?
e B,,— NP flux >25x higher
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Need for drug targeting to brain

 Drug discovery falling behind
advances in neuroscience :

— 98% (pharma) drugs do not cross
the blood brain barrier (BBB).

Only small molecules with high lipid
solubility and a low MW <400-500Da
cross, but few diseases respond:

— depression, chronic pain, epilepsy.
Many conventional lipid-soluble—low-

MW small-molecule drugs do not
Cross eg images across

— A. penetration of all areas except
brain in mouse

— B. blood vessels 40 microns apart,
1 capillary per 1-2 neurones

— C. blood - brain

© Molecular Interventions (2003) 3(2): 90
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Relevance of Blood-CSF as well as BBB

Blood brain Blood-CSF barrier Blood—=> Cerebro-

oste Neuro ‘ ' Spinal Fluid

(CSF) barrier is
more open than

[=]
[=]
[=] 3
= E BBB.
sk
Bean csr B cwnis BCSFB provided
capillary L2 g oy by the epithelial
=l CSF-secreting
= n cells, rather than
NE S by open blood
/g ; capillary
Endothelial ISF Ependymal Choroid plexus Intracellular gap endothelium
cells (A) layer cells (B) and fenestration

© Molecules (2008) 13: 1035-1065

Cerebrospinal fluid (CSF) route

» Choroid
) 4, Plexus villus

Facial
Iymphatics
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Choroid plexus (CP)

Initial transport from blood-to-CSF not rate-limiting as in BBB.
Choroidal vascular perfusion 5-10x mean cerebral blood flow.

Total area for transport by the four CPs is many fold less but of the
same order of magnitude as BBB.

Macro-circulation ensures the entire CSF volume (140ml in man)
secreted from and excreted back into blood every 4-5h.

Virtually all small and large molecules in blood penetrate into CSF, at
a rate inversely related to the molecular weight, but CP epithelial
protection against pharma drugs (drug efflux & drug metabolism)

Injections into CSF diffuse into brain by <0.5mm for large & 1-2mm
for small molecules (ie not all brain) before clearance.

Micro-circulation from CSF into brain parenchyma ~20x less than
above macro-circulation exchange of CSF.

Higher and sustained blood drug levels needed for BCSFB.

Example: CP targeting peptides

» Phage display library ‘bio-panning’
approach to identify peptides homing to
choroid plexus and taken up by CP
epithelial cells
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Example: CP folate

Folate ,

. Choroid plexus ~ Ependyma
transcytosis Licawniie
across CP
epithelia
secreting
exosomes
into CSF

Exosomes
distribute into
brain

transcytosis

Choroid plaxus g
apithelial call

Basolateral

Transport across blood brain barrier (BBB)

(a) Passive (b) ABC (c) Solute (d) Transcytosis
Receptor-mediated Cell
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RMT
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Endocytosis at BBB

¢ low fluid phase endocytosis
e higher adsorptive endocytosis

e extensive receptor-mediated endocytosis:

— transferrin iron uptake uses apical membrane recycling of
transferrin receptor (TfR) and associated transcytosis via
basal membrane

— leptin regulates food intake (obesity factor), including by
transcytosis into brain to trigger release of neuropeptides
from hypothalmus

— insulin facilitates glucose transport via insulin receptor in
many tissues except brain, though insulin transcytosis across
BBB arises by RME

— cytokines, although produced in brain, also appear to
transcytose across BBB by RME eg IL-1, TNF

Example: early protein / NP across BBB
Epidermal growth factor — TfR MAb binding human EGF-R

via streptavidin (SA) ‘lego’ B EGF alone does not cross BBB
EGF-R e TR
1=
//-_J * - :\\ ® E EGF-MAb
EGF ----@ MAb . conjugate
Brain derived neurotrophic factor o= EGF alone
(BDIF) conjugated to TfR Mab © Molec‘Ia Interventions (2003) 3(2): 90
via SA-biotin (B) ‘lego’ bl :
‘ ‘ ﬁ t saline

neuron blood
B e0ee -
VOee -
CEHE@e D

No reductlon in stroke vqume W|th BDNF anne does not
cross BBB, even in the infarcted region of brain. 65% reduction
in stroke volume with BDNF chimeric peptide



Example: non-viral gene delivery to primate brain

A. PEG immunoliposome
(PIL):

e IgG —PEG binds gold
NP second antibody.

B. Plasmid DNA
encapsulated in PIL

e conjugated with a
receptor (R)-specific
targeting Mab

¢ PEG inhibits uptake of
PIL by reticulo-
endothelial system

C. Tissue-specific gene
expression /n vivo,

D. greater in grey over
white matter

© Molecular Interventions (2003) 3(2): 90

Example: Roche ‘Brain Shuttle’

Roche anti-TfR sFab ‘Brain Shuttle’

sFab dFab
SN

Trangferin
ol
‘-..._\

Differential intracellular
sorting:

« monovalent anti-TfR sFab
fusions undergo transcytosis
across the BBB

« bivalent anti-TfR dFab
fusions lead to TfR
dimerisation and lysosomal
degradation

© Neuron 81, January 8, 2014 ©2014 Elsevier Inc.

http://www.youtube.com/watch?feature=player detailpage&v=TfIBwoQNaaw



http://www.youtube.com/watch?feature=player_detailpage&v=TfJBwoQNaaw

EPR effect

Enhanced permeability & retention (EPR) effect: mainly
size-based selective accumulation of nanoparticles in
diseased tissue:

1) Stealth modification (eg PEG combs) or Fc receptor
recycling and <100 nm nanoparticles improves
circulation time by reducing clearance rate by reticulo-
endothelial system (RES)

2) Vascular leakiness allows extravasation (escape) of
nanoparticles across inflamed (infection) and diseased
(tumour) tissue capillaries via 'feaky’ junctions between
capillary endothelial cells

3) Lower rate of penetration of nanoparticles through
extracellular matrices between cells in the tissue;

4) Lower rate of lymphatic drainage and clearance of
nanoparticles from diseased tissue (cf small molecules).

EPR effect principle

lymphatic drainage

»
tumour normal
® e .
St At b etely tissue
. L L IO 3 o 0.‘ o,
arterial i Spt Pl Engpetinns? it venous

lymphatic drainage
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Example: polymer drug conjugates

A b B
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Nucleus

EPR targeting of
infection/inflammation sites

Enhanced permeability
/ biochemical coscode < \ retention (EPR) effect:

o} Bacterial infection g increased vascular
and immune response pel’meablhty (eg
A . inflammation - vasodilation,
ccumulation of .
& //%mmmo'ecules NO, proteases/bradykinin
& vascuﬁ]r:hp(]er;:r‘\aéiablllty C s ) .
 leaky vessels & * Decreased lymphatic
B drainage — increased
i £ f interstitial pressure reduces
Lymph | {

IR

v v

Blood flow

lymphatic permeability
. tsepesue |+ Accumulation of
=abstucsymph  nanoparticles in infected

Retention / tISSUG
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Vascular compartment
Interstitial compartment
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